University of Pennsylvania

ScholarlyCommons
Publicly Accessible Penn Dissertations
2021

A Proteomics Approach Identifies Novel Resident Zebrafish
Balbiani Body Proteins Cirbpa And Cirbpb
Allison Helen Jamieson-Lucy
University of Pennsylvania

Follow this and additional works at: https://repository.upenn.edu/edissertations
Part of the Developmental Biology Commons

Recommended Citation
Jamieson-Lucy, Allison Helen, "A Proteomics Approach Identifies Novel Resident Zebrafish Balbiani Body
Proteins Cirbpa And Cirbpb" (2021). Publicly Accessible Penn Dissertations. 4330.
https://repository.upenn.edu/edissertations/4330

This paper is posted at ScholarlyCommons. https://repository.upenn.edu/edissertations/4330
For more information, please contact repository@pobox.upenn.edu.

A Proteomics Approach Identifies Novel Resident Zebrafish Balbiani Body
Proteins Cirbpa And Cirbpb
Abstract
The Balbiani body (Bb) is the first marker of polarity in vertebrate oocytes. The Bb is a conserved
structure found in diverse animals including insects, fish, amphibians, and mammals. During early
zebrafish oogenesis, the Bb assembles as a transient aggregate of mRNA, proteins, and membranebound organelles at the presumptive vegetal side of the oocyte. As the early oocyte develops, the Bb
appears to grow slowly until at the end of stage I of oogenesis it disassembles and deposits its cargo of
localized mRNAs and proteins at the cortex. In fish and frogs, this cargo includes the germ plasm as well
as gene products required to specify dorsal tissues of the future embryo. We demonstrate that the Bb is a
stable, solid structure that forms a size exclusion barrier similar to other biological hydrogels. Despite its
central role in oocyte polarity, little is known about the mechanism behind the Bb’s action. Analysis of the
few known protein components of the Bb is insufficient to explain how the Bb assembles, translocates,
and disassembles. We isolated Bbs from zebrafish oocytes and performed mass spectrometry to define
the Bb proteome. We successfully identified 80 proteins associated with the Bb sample, including known
Bb proteins and novel RNA-binding proteins. In particular, we identified Cirbpa and Cirbpb, which have
both an RNA-binding domain and a predicted self-aggregation domain. In stage I oocytes, Cirbpa and
Cirbpb localize to the Bb rather than the nucleus (as in somatic cells), indicating that they may have a
specialized function in the germ line. Both the RNA-binding domain and the self-aggregation domain are
sufficient to localize to the Bb, suggesting that Cirbpa and Cirbpb interact with more than just their mRNA
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ABSTRACT
A PROTEOMICS APPROACH IDENTIFIES NOVEL RESIDENT ZEBRAFISH BALBIANI
BODY PROTEINS CIRBPA AND CIRBPB
Allison Helen Jamieson-Lucy
Mary C. Mullins

The Balbiani body (Bb) is the first marker of polarity in vertebrate oocytes. The Bb is a
conserved structure found in diverse animals including insects, fish, amphibians, and
mammals. During early zebrafish oogenesis, the Bb assembles as a transient aggregate
of mRNA, proteins, and membrane-bound organelles at the presumptive vegetal side of
the oocyte. As the early oocyte develops, the Bb appears to grow slowly until at the end
of stage I of oogenesis it disassembles and deposits its cargo of localized mRNAs and
proteins at the cortex. In fish and frogs, this cargo includes the germ plasm as well as
gene products required to specify dorsal tissues of the future embryo. We demonstrate
that the Bb is a stable, solid structure that forms a size exclusion barrier similar to other
biological hydrogels. Despite its central role in oocyte polarity, little is known about the
mechanism behind the Bb’s action. Analysis of the few known protein components of
the Bb is insufficient to explain how the Bb assembles, translocates, and disassembles.
We isolated Bbs from zebrafish oocytes and performed mass spectrometry to define the
Bb proteome. We successfully identified 80 proteins associated with the Bb sample,
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including known Bb proteins and novel RNA-binding proteins. In particular, we identified
Cirbpa and Cirbpb, which have both an RNA-binding domain and a predicted selfaggregation domain. In stage I oocytes, Cirbpa and Cirbpb localize to the Bb rather than
the nucleus (as in somatic cells), indicating that they may have a specialized function in
the germ line. Both the RNA-binding domain and the self-aggregation domain are
sufficient to localize to the Bb, suggesting that Cirbpa and Cirbpb interact with more
than just their mRNA targets within the Bb. We propose that Cirbp proteins crosslink
mRNA cargo and proteinaceous components of the Bb as it grows. Beyond Cirbpa and
Cirbpb, our proteomics dataset presents many candidates for further study, making it a
valuable resource for building a comprehensive mechanism for Bb function at a protein
level.
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CHAPTER 1: THE VERTEBRATE BALBIANI BODY, GERM PLASM, AND
OOCYTE POLARITY

Contributions: this chapter contains figures and direct quotes from Jamieson-Lucy and
Mullins published in 2019 in Current Topics in Developmental Biology (Jamieson-Lucy
and Mullins 2019).
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1.1

SUMMARY
The fate of future generations depends on a high-quality germ line. For a female

to successfully produce offspring, her oocytes must be successfully specified and their
contents meticulously organized. Two general mechanisms for germ cell specification
exist: inductive and inherited. In the inductive mechanism, the primordial germ cells
(PGCs) are induced by signals from the surrounding cells. In the inherited mechanism,
PGCs are specified by passing material from inside the oocyte (germ plasm) to the future
germ cells. A key player in the inherited mechanism is the Balbiani body, a wellconserved oocyte aggregate, which also facilitates the organization of the oocyte into a
polarized cell with discrete cytoplasmic domains. In the mouse, the Balbiani body is
implicated in oocyte survival, while in frogs and zebrafish the Balbiani body carries
specific mRNAs to the vegetal pole. These asymmetric mRNAs form the foundation of
the functionally polarized oocyte and play important roles in axial patterning and germ
plasm formation of the embryo.

1.2

INTRODUCTION
The specification and development of the germline is a fundamental process

across the animal kingdom. Germ cells have three common goals (Aguero, Kassmer et
al. 2017). The first two goals are to block somatic identity and maintain pluripotency.
Any somatic differentiation will destroy the germ cell's ability to generate a complete
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embryo. Germ cell identity is maintained by blocking translation and protecting
pluripotency factors from degradation early in development, until long-term chromatin
remodeling can firmly establish germ cell competency (Leitch and Smith 2013). The third
goal is to induce migration to the gonad, where the PGCs can settle as an immortal stem
cell population and begin to undergo meiosis.
The oocyte has its own additional goals (Cantu and Laird 2017). Oocytes must
arrest partway through meiosis and wait for an indeterminate amount of time, before
completing meiosis I typically in the final stage of oogenesis (Tripathi, Kumar et al.
2010). The oocyte responsible for passing nearly all of the cytoplasmic material on to
the future offspring, including the mitochondria (Marlow 2017). It controls the sperm
entry point and guards against polyspermy, protecting the chromosome copy number
(Berois, Arezo et al. 2011) (Escobar-Aguirre, Elkouby et al. 2017). Also the organization
within the oocyte contributes in many organisms to patterning the future embryo and
specifying the next generation of germ cells (Houston 2013).
In this chapter, we will review how early stage oocytes develop into complex,
highly organized cells. First, we will look at germ plasm, a material generated within the
oocyte, that is responsible for producing the next generation of germ cells in many
vertebrates. We will contrast that with the germ plasm-independent germ cell
specification mechanism found in mammals (Strome and Updike 2015) (Houston and
King 2000). Second, we will describe the processes of segregating the oocyte into
distinct cytoplasmic regions. Organization of the oocyte into a polarized cell is initiated
3

by an aggregate organelle called the Balbiani body (Bb), which sets up its initial
asymmetry (Kloc, Jedrzejowska et al. 2014) (Escobar-Aguirre, Elkouby et al. 2017). This
asymmetry is built upon by secondary pathways to further localize essential elements
within the oocyte (Micklem 1995). The final result is an egg that can dictate the sperm
entry point, the embryonic axis, and the future germ line.

1.3

INDUCTIVE AND INHERITED GERM CELL SPECIFICATION
There are two general mechanisms for germ cell specification. The first is by

inheritance of maternal factors (Figure 1.1B,C). In this mechanism, a specific material
called germ plasm is deposited within the oocyte. The cells that inherit this material
eventually develop into the germ line (Houston and King 2000). Organisms that use this
mechanism include insects such as Drosophila (Mahowald 2001) (Lehmann 1992) and
some vertebrates, where it is best studied in zebrafish and frogs (Escobar-Aguirre,
Elkouby et al. 2017) (Kloc, Bilinski et al. 2001). The second specification mechanism is
cell non-autonomous or inductive. These germ cells are not defined by maternallydeposited material, but instead are induced by the cells around them during embryonic
development (Figure 1.1A). Mice and axolotl are among the vertebrates using this
mechanism (Kumar and DeFalco 2017) (Chatfield, O'Reilly et al. 2014).
In organisms with the inductive mechanism, cells from the regions of the embryo
that would not normally form germ cells can be forced to form PGCs by application of
the correct signaling molecules. In the mouse embryo at the early primitive streak stage
4

(E6.5), distal epiblast cells will normally not form germ cells, while a subset of proximal
epiblast cells will differentiate into PGCs. Transplantation of distal cells into the proximal
region of the embryo leads to the ability of some of the transplanted cells to contribute
to the germ line. Conversely, proximal cells transplanted to the distal region of the
embryo generally lose their ability to become PGCs (Tam and Zhou 1996). Therefore,
external signals from the surrounding cells are responsible for specifying the mouse
germ line. These local factors have been identified as BMP and Wnt signaling pathway
components (Cantú and Laird 2013). Consistent with this, mouse epiblast-like stem cells
(EpiLCs) in culture can be induced to form PGCs with the addition of BMP4 (Hayashi,
Ohta et al. 2011). Additionally, a time-sensitive pulse of Wnt3a is required for cells to
respond to Bmp4 (Ohinata, Ohta et al. 2009). Importantly, such cultured EpiLCs when
implanted into a mouse testis can produce healthy, fertile offspring, demonstrating that
Wnt and Bmp together can produce normal and functional sperm from generic
embryonic cells (Nagaoka and Saitou 2017).
The inherited mechanism, conversely, is largely indifferent to the context in
which the future germ cells are placed. The maternally-supplied germ plasm is sufficient
to induce germ cell fate in any cell regardless of its position. The germ plasm (or pole
plasm) in Drosophila has long been known to be sufficient to induce the formation of
functional germ cells, shown by transplanting the pole plasm from its endogenous
location at the posterior pole of the egg to the anterior pole and observing the
formation of ectopic germ cells (Illmensee and Mahowald 1974). In Xenopus embryos,
5

germ plasm taken from the vegetal half of the eight-cell embryo and transplanted into
the animal half, where no germ cells would usually form, is sufficient to generate
ectopic germ cells. The ectopic germ cells express germ cell markers such as Xdazl.
However, they do not migrate to the genital ridge. To test if the germ plasm-induced
PGCs could form functional germ cells, the PGCs were transplanted a second time to the
genital ridge, where they went on to produce functional sperm and eggs (Tada, Mochii
et al. 2012).

6
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Figure 1.1: Illustration of germ cell specification and migration during embryonic
development.
A) Mouse: Beginning at E6.25, external signals (BMP4, blue; WNT3, yellow) from the
surrounding cells begin to specify the primordial germ cell (PGC) precursors, shown in
green. The specified PGCs begin to migrate during E8.0 and E8.5. After the turning of
the embryo, the PGCs migrate down the hindgut (E9.5). They then exit the endoderm
and colonize the gonadal ridge by E12.5. B) Xenopus: The germ plasm (green) is
associated with the cortex at the vegetal pole of the egg (Stage 1), and remains there
through the first several divisions (Stage 4). Beginning at Stage 6, the germ plasm moves
animally, still associated with the cell margins, into the endoderm (Stage 10). Within the
endoderm, the germ plasm specifies the PGCs. Over time, the PGCs migrate apically
(Stage 25), before exiting the endoderm to colonize the future gonad. C) Zebrafish: The
germ plasm is initially localized to the vegetal cortex of the 1-cell embryo. It is carried
by cytoplasmic streaming to the base of the blastodisc. The germ plasm forms two (2cell stage) then four (4-cell stage) aggregates at the margin of the cleavage furrows. The
four aggregates specify four clusters of PGCs. At shield stage, the PGCs migrate dorsally.
The PGCs continue to migrate during epiboly and somitogensis until they reach the
location of the future gonad at the base of the yolk extension.
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Over the course of evolutionary history, lineages have switched between
inductive and inherited mechanisms of germ cell specification (Figure 1.2) (Johnson,
Richardson et al. 2011). Mice are the only mammal whose germ cell specification
mechanism has been well-characterized, but it is assumed that the inductive mechanism
is used across all mammals (De Felici 2016). Among reptiles, turtles appear to use the
inductive mechanism (Bachvarova, Crother et al. 2009), while chickens have germ plasm
(Tsunekawa, Naito et al. 2000). Amphibians are similarly split: salamander germ cell
development is inductive (Wakahara 1996) (Chatfield, O'Reilly et al. 2014) while in frogs
it is inherited (Elinson, Sabo et al. 2011) (Kloc, Bilinski et al. 2001). Teleosts such as
zebrafish and sturgeon contain germ plasm (Dosch 2015) (Saito, Psenicka et al. 2014);
basal fishes such as skates and sharks may use the inductive mechanism, but evidence is
scarce overall in these animals (Bachvarova, Crother et al. 2009). Finally, ascidians,
which are basal to chordates, have a segregated subset of cytoplasm called pole plasm,
which is assumed to be germ plasm but also plays a role in somatic patterning (ShiraeKurabayashi, Nishikata et al. 2006).
It is hypothesized that the inductive mechanism came first, and inherited
maternal determinants have been derived multiple times in different evolutionary
branches (Figure 1.2). This is supported by the fact that inherited mechanisms of germ
cell specification are relatively diverse in their embryonic location (Johnson and Alberio
2015) (Bachvarova, Crother et al. 2009). It is still, however, possible that germ plasm is
basal, and has been lost several times during evolutionary history, giving way to the
9

inductive mechanism. Ultimately, we may have to adopt a more complex view of germ
cell determination as more organisms are studied and the binary of inductive/inherited
is explored further.

10

Figure 1.2: Phylogenetic tree of inherited versus inductive germ cell specification.
Tree generated using Taxonomy Browser (https://www.ncbi.nlm.nih.gov/taxonomy)
and Interactive Tree of Life (https://itol.embl.de/).
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1.4

INHERITANCE OF GERM PLASM
Germ plasm can be first identified within the oocyte as an electron-dense

material typically tucked between mitochondria or associated with the endoplasmic
reticulum and nuclear envelope (Voronina, Seydoux et al. 2011). It forms irregular
granules or fibrillar aggregates, which are also called germ granules or nuage (Reunov
2006) (Gao and Arkov 2013). This material contains both RNA and proteins: the RNAs
include those involved in germline development, such as vasa, dazl, and nanos, as well
as non-coding RNAs (Knaut, Pelegri et al. 2000), (Houston, Zhang et al. 1998, MacArthur,
Bubunenko et al. 1999, Kloc, Dougherty et al. 2002). The protein components are
predominately members of the piRNA pathway (Schisa 2012), which protects the
integrity of the germline genome by attacking RNA generated by transposons (Arkov
and Ramos 2010) (Juliano, Wang et al. 2011). Mutations in elements of the piRNA
pathway, such as Piwi and Pili, cause reduced fertility or failure of spermatogenesis
(Houwing, Kamminga et al. 2007) (Houwing, Berezikov et al. 2008) (Bao, Zhang et al.
2014).
Studies in flies, zebrafish and mouse have shown that Tudor Domain Containing
proteins (Tud) are important for the assembly and structural integrity of the germ
plasm(Thomson and Lasko 2005) (Boswell and Mahowald 1985, Chuma, Hosokawa et al.
2006, Anne 2010, Roovers, Kaaij et al. 2018). Many Tud proteins contain multiple Tudor
domains alongside RNA-binding elements. Tud proteins may form multivalent networks
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by linking multiple binding partners together, acting as nodes in the middle of a net of
mRNA and proteins (Huang, Houwing et al. 2011) (Arkov, Wang et al. 2006).
Germ plasm confers germ cell identity by controlling translation: both by
regulating the translation of maternally-supplied mRNAs and repressing the translation
of mRNAs that drive somatic cell fate (Lai and King 2013). Nanos is a particularly wellstudied component of the germ plasm, conserved from insects to vertebrates. It is a key
player in the maintenance of germ cell fate and is present in a wide range of organisms
(Jaruzelska, Kotecki et al. 2003). Nanos functions by repressing the translation of
maternally-deposited mRNAs (Lai, Zhou et al. 2011). Nanos forms a complex with
Pumilio, which targets mRNAs containing the cis-acting Pumilio Binding Element (PBE) in
their 3’UTRs (White, Moore-Jarrett et al. 2001) (Cheong and Hall 2006). Morpholino
knockdown of Nanos in Xenopus causes a severe reduction in the number of PGCs and a
loss of germ cells from the mature gonad (Lai, Singh et al. 2012). Mutation of nanos3 in
the zebrafish causes a loss of germline stem cells and fertility in adult homozygous
mutant females (Draper, McCallum et al. 2007, Beer and Draper 2013).
In zebrafish and Xenopus, the germ plasm is asymmetrically distributed to the
vegetal cortex of the egg (Figure 1.1B,C) (Savage and Danilchik 1993). In Xenopus, the
germ plasm remains in place at the yolky vegetal pole of the zygote for the first cell
divisions, and then is segregated into a subset of cells within the endodermal embryonic
domain (Ressom and Dixon 1988). The PGCs are specified before eventually migrating
dorsally into the gut region (Figure 1.1B) (Lai and King 2013) (Zhou and King 2004).
13

Zebrafish germ plasm is also vegetally localized in the zygote, but within 30 minutes of
fertilization it is carried to the interface between the yolk and the blastodisc by a
combination of parallel microtubule arrays and cytoplasmic streaming (Figure 1.1C)
(Welch and Pelegri 2014). During the first embryonic division, the germ plasm coalesces
into granules within the cleavage furrow in an F-Actin dependent manner (Yoon,
Kawakami et al. 1997, Knaut, Pelegri et al. 2000, Eno and Pelegri 2013). After the second
division, the germ plasm gathers into four points along the cleavage furrows, arranged
in the four cardinal directions around the periphery of the embryo (Figure 1.1C) (Knaut,
Pelegri et al. 2000, Theusch, Brown et al. 2006). There the germ plasm is incorporated
into the future germ cells. The PGCs remain in four clusters until 70% epiboly. At bud
stage, the PGCs merge into two clusters and migrate actively through the mesoderm
until they reach their destination, and form two rows on either side of the embryo at
the base of the yolk extension, where they will eventually become part of the gonad
(Tarbashevich and Raz 2010) (Wong and Collodi 2013) (Lo, Hui et al. 2011).
The PGCs will become the germ line stem cells (GSCs) of the testis and ovary. The
GSCs perdure in the ovary for varying length scales in vertebrates from rather short
periods in mammals to long time-scales in fish(Nakamura, Kobayashi et al. 2010, Beer
and Draper 2013, Lei and Spradling 2013).(Ge, Grotjahn et al. 2014) The ovarian GSCs
produce oogonia that divide multiple times to produce interconnected cystoblasts that
give rise to oocytes, which are the focus of the remaining of this chapter.
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1.5

THE BALBIANI BODY: A CONSERVED OOCYTE ORGANELLE
A prominent feature in the oocytes of many diverse organisms is the Balbiani

body (Bb), a large, non-membrane bound organelle (Oh and Houston 2017). The Bb has
been called many names over the years, such as Balbiani’s vesicle or the yolk body of
Balbiani after the mentor of the student who discovered the structure. It has also
historically been called the yolk nucleus, yolk nucleus complex, nuage body, Dotterkern,
and mitochondrial cloud (MC) (Bradley, Estridge et al. 2001).
The Balbiani body is an aggregate of proteins, germ plasm, mRNA and
membrane-bound organelles. In particular, it is enriched for mitochondria, but can also
include Golgi and endoplasmic reticulum (ER) (Oh and Houston 2017). It is distinct from
germ granules or P granules, both in contents and in structure. Instead of a liquid
droplet composition such as in C elegans P granules (Schuster, Reed et al. 2018), the
Balbiani body has slower dynamics consistent with a solid aggregate (Chang, Torres et
al. 2004). Generally it is a single aggregate located on one side of the nucleus. The Bb is
only present during the early stages of oogenesis, and disassembles well before oocyte
maturation (Wallace and Selman 1990).
The Balbiani body exists across a wide range of organisms, but is not consistently
present in the same form (Figure 1.3). Among invertebrates, it has several
morphologies. In the oocytes of the tiger beetle, the sea urchin and the black cricket, it
is a familiar single round mass (Jaglarz, Nowak et al. 2003) (Yakovlev 2016) (Cakici 2017).
In the cellar spider, the Balbiani body forms a crescent shape (Figure 1.3D)
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(Jędrzejowska and Kubrakiewicz 2007). A different species of cricket (Acheta domestics)
appears to develop two Balbiani bodies: first an anterior Balbiani body and then a later
second posterior Balbiani body (Figure 1.3E) (Bradley, Estridge et al. 2001). In the
Drosophila oocyte it is difficult to identify a single coherent Balbiani body; however, the
sponge bodies (multiple aggregates of electron-dense nuage and membrane-bound
organelles) have similar contents to the Balbiani body and may play a similar role
(Wilsch-Bräuninger, Schwarz et al. 1997) (Cox and Spradling 2003).
The best functional studies of the Balbiani body have been performed in fish and
frogs. Zebrafish and Xenopus oocytes use the Balbiani body to carry germ plasm and
localized maternal mRNAs to the cortex. The localization of the germ plasm to the
vegetal pole via the Balbiani body is important for the maternally-inherited specification
of germ cells. Three dimensional reconstructions from electron microscope slices show
no internal organization or subdomains within the Balbiani body; in these organisms it
appears to be a homogenous, spherical structure filled with mitochondria (Figure 1.3A)
(Kloc, Dougherty et al. 2002). Both mRNAs required for germ cell formation, such as
dazl, and transcripts involved in embryonic patterning such as syntabulin and grip2a are
carried by the Balbiani body (Houston, Zhang et al. 1998, Houston and King 2000)
(Nojima, Rothhamel et al. 2010).
Several other non-mammalian vertebrates contain a Balbiani body or analogous
structure. The Balbiani body has not been observed in sturgeon, but their oocytes may
have a parallel structure. A dense ring of cytoplasm packed with organelles, called the
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Balbiani cytoplasm or granular ooplasm, surrounds the nucleus of the oocyte, separate
from the smooth, organelle-free cytoplasm around the cortex (Figure 1.3C). The
organelle-rich Balbiani cytoplasm in sturgeon contains several classic Balbiani body
mRNAs: nanos, xpat, and possibly dazl (Zelazowska, Kilarski et al. 2007). Like zebrafish,
sturgeon have material deposited in the vegetal region of the egg that is critical to
creating the germ line: irradiating the vegetal pole of sturgeon eggs causes almost
complete loss of PGCs in the resulting offspring (Saito, Güralp et al. 2018). Salmon have
both a Balbiani body in early oocytes and granular ooplasm similar to that in sturgeon in
later stages (Figure 1.3B). The salmon Balbiani body and granular ooplasm contain
resident Balbiani body mRNAs: buc, dnd, and dazl (Škugor, Tveiten et al. 2016). The Bb
has further been observed in lizards, chickens, and other birds (Guraya 1962, Greenfield
1966, Guraya 1968).
The human Balbiani body appears to have similar contents and structure to the
Xenopus and zebrafish Balbiani body (Hertig 1968). In mice, the Balbiani body does not
contain mitochondria. Instead, the Balbiani body is an electron-dense cloud of material
surrounded by the Golgi body (Pepling, Wilhelm et al. 2007). The mitochondria in the
mouse oocyte are often, but not always, enriched on the same side of the oocyte as the
Golgi-wrapped Balbiani body, but are largely not present within it. The mouse Bb likely
influences oocyte quality control and survival (Lei and Spradling 2016).
The diversity of Bb structures suggests that the Balbiani body is a flexible oocyte
organelle that different organisms utilize in different ways. This may explain how the
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inductive and inherited germ cell specification switched so many times during
evolutionary history; the tools for germ plasm generation may be repurposed and
maintained instead of lost.
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Figure 1.3: Comparison of Balbiani body morphologies across species.
A) Zebrafish Balbiani body (dotted outline) stained with DAPI and DiOC6 membrane
dye (dotted outline) labeling mitochondria. B) Salmon Balbiani body/granular
cytoplasm (dotted outlines) marked by buc1a mRNA (orange). DNA in blue (follicle
cells). C) Sturgeon granular cytoplasm labeled with nanos mRNA (purple). D) Cellar
Spider crescent shaped Balbiani body (dotted outline) stained with methylene blue.
E) Cricket oocyte with anterior and posterior Balbiani bodies (dotted outline).
Images have been modified to remove original labels.
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1.6 EARLY OOCYTE DEVELOPMENT AND THE BALBIANI BODY IN MICE
Oocyte development begins in the mouse once the PGCs have migrated to the
genital ridge and sex determination has occurred, around E10.5. It begins with division
of the GSCs to form oogonia, which then undergo several mitotic divisions with
incomplete cytokinesis to form interconnected oocyte cysts, a hallmark of oogenesis
(and spermatogenesis) (Figure 1.4A) (Elkouby and Mullins 2017). Over time, these
oocyte cysts grow and fragment into clusters of different sizes (E10.5-E14.5) (Lei and
Spradling 2013). Oocytes within the cysts are joined by intercellular bridges that are
stabilized by the TEX14 protein (Greenbaum, Ma et al. 2007, Greenbaum, Iwamori et al.
2009). Oocytes often have multiple intercellular bridges, acting as branch points. Over
time the number of oocytes decreases, with only about a third of the oocytes surviving
in the mature ovary. Over the course of oocyte development, a widespread culling
occurs, leaving a finite pool of high-quality oocytes within the ovary to serve the
female's entire reproductive life span (Lei and Spradling 2013, Lei and Spradling 2016).
This oocyte bottleneck is shared among mammals; for example, the human ovary also
has a limited pool of eggs, which may or may not have regenerative properties
(Bukovsky, Caudle et al. 2005).
As the oocytes mature and begin to undergo meiosis, the percentage of oocytes
with multiple intercellular bridges (more than three) increases (E14.5-E17.5) (Lei and
Spradling 2016). This indicates that oocytes at the terminal ends of the branched cyst,
which would only have one to two intercellular bridges, are undergoing selective
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apoptosis, while central "hub" oocytes are preserved (Figure 1.4A). As well as having
multiple intercellular bridges, the surviving oocytes also have more than one
centrosome, with the extra centrosomes thought to be donated by neighboring
oocytes(Lei and Spradling 2016). Some oocytes are observed to shrink and lose their
cytoplasmic contents, including mitochondria and centrosomes, which appear to pass
through the cytoplasmic bridges into neighboring oocytes in a microtubule and dyneindependent manner. The intercellular bridges present between oocytes within the cysts
at this developmental stage are large and TEX14-negative. Female mice without TEX14
are fertile, which suggests the traditional TEX14 bridges are not crucial while these large
bridges may be. A Balbiani body coalesces in each oocyte containing multiple
centrosomes (Figure 1.4A). These Balbiani body-containing cells lack expression of early
apoptosis markers, indicating that they are being selected for survival. It is hypothesized
that the dying oocytes are donating their organelles to the central oocytes, which form a
Balbiani body and survive to maturity (Lei and Spradling 2016).
This echoes the way by which the oocyte and sister nurse cells are selected in
Drosophila. Early in Drosophila oogenesis, a germline cell divides four times to form 16
cystoblasts, linked together by ring canals (intercellular bridges) and the fusome
(McLaughlin and Bratu 2015). The fusome is a cytoplasmic organelle made of densely
packed ER-derived vesicles, situated between the centrioles of each dividing cystoblast.
As the cells divide, it becomes densely branched. The fusome is essential to synchronize
the divisions of the germ cells, initiate polarity, and to select which of the cystoblasts
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will become the future oocyte. Inheritance of the fusome contributes to future oocyte
identity, possibly by mediating the inheritance of the centrosome (Megraw and
Kaufman 1999). The cell with the most fusome and centrosomes becomes the oocyte;
this may mirror how mouse oocytes with multiple centrosomes are favored for survival.
In fish and frogs the Balbiani body continues to play a role after the cyst
fragments into individual oocytes, and contributes to the generation of oocyte polarity.
It is an open question if the mouse Balbiani body contributes to mouse oocyte
development beyond organelle transfer. The murine follicle is a polarized structure, and
the germinal vesicle in the mouse oocyte is asymmetrically positioned (Albertini and
Barrett 2004). It is possible that the mouse Bb influences oocyte polarity as
development continues. If so, it would prove an exciting connection between the
function of the Bb across vertebrates.

1.7 EARLY OOCYTE DEVELOPMENT IN ZEBRAFISH
Oocyte development in zebrafish begins when a germline stem cell divides
asymmetrically to produce an oogonium. Oogonia continue to divide mitotically,
forming interconnected oocyte cysts. A cyst is surrounded by somatic follicle cells;
inside, the oogonia are joined by cytoplasmic bridges formed by incomplete cytokinesis
(Figure 1.4B) (Elkouby and Mullins 2017).
Unlike in mammals and Drosophila, the oocyte cyst in fish is not known to select
oocytes for survival. In medaka there is little apoptosis within the ovarian cyst
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(Nakamura, Kobayashi et al. 2010). More broadly, germ cell cysts are observed in a wide
range of organisms where the majority of oocytes proceed to maturity. Intercellular
connections between cystoblasts therefore likely have additional functions (Pepling, de
Cuevas et al. 1999, Lu, Jensen et al. 2017). It has been proposed that intercellular
bridges maintain cell cycle synchrony throughout the cyst (Pepling and Spradling 1998,
Lilly, de Cuevas et al. 2000), and/or sensitize the connected germ cells to DNA damage
(Lu and Yamashita 2017).
In the zebrafish, the cytoplasmic bridges connecting oocytes may also provide
the initial symmetry-breaking cue within the oocyte (Marlow 2010). There are
suggestions that the centrosome of the early oocyte tends to be oriented facing the
cytoplasmic bridges between oocytes, although this has not been rigorously
investigated. The cell division orients the centrosome, which subsequently may act as a
first step in conferring polarity to the oocyte (Figure 1.4B) (Elkouby, Jamieson-Lucy et al.
2016). It is unknown if there is a fusome-like organelle mediating this connection, as in
Drosophila and suggested in Xenopus (Kloc, Bilinski et al. 2004, Snapp, Iida et al. 2004).
After the mitotic divisions within the cyst, retinoic acid (RA) induces oocytes to
enter meiosis I (Rodríguez-Marí, Cañestro et al. 2013). The oocytes develop through
leptotene and zygotene meiotic stages within the cyst (Elkouby, Jamieson-Lucy et al.
2016). During this process the homologous chromosomes must pair together and
undergo recombination. This is facilitated by a transient, polarized nuclear architecture
called the chromosomal bouquet (Blokhina, Nguyen et al. 2019). The telomeres anchor
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themselves to the nuclear envelope and then gather together on one side of the
nucleus, gathering the ends of the chromosomes together like stems with the loops of
chromosomes arranged like blooms (Harper, Golubovskaya et al. 2004) (Elkouby,
Jamieson-Lucy et al. 2016). The rearrangement of the telomeres shuffles the anchored
chromosomes in a way that facilitates correct pairing (Golubovskaya, Harper et al. 2002,
Blokhina, Nguyen et al. 2019). The side of the nucleus where the telomeres gather is the
same as the location of the centrosome, which organizes microtubules that aid in the
directed transport of the telomere-tethering complex. Balbiani body precursors (Buc
protein and mitochondria) first become enriched at this stage, on the same side of the
oocyte as the centrosome and the bouquet telomeres (Figure 1.4B) (Elkouby, JamiesonLucy et al. 2016).
The Balbiani body begins to coalesce into a more coherent mass at the
pachytene stage. At this point, the follicle cells begin to invade the cyst and surround
individual oocytes, leading to cyst breakdown. The nucleus forms a pocket, or nuclear
cleft, that partially surrounds the Bb components, which collect into a loose cloud
around the centrosome. This persists from the pachytene stage to the beginning of the
diplotene stage. As the oocyte develops to 30 µm in diameter, the centrosome is lost
and the Balbiani body persists, maintaining oocyte asymmetry. As the Balbiani body
components become more compacted in a single mass, the cleft gradually becomes less
pronounced, and when the oocyte is 40-50 µm in diameter the Bb is mature and the
nucleus is spherical again (Figure 1.4B) (Elkouby, Jamieson-Lucy et al. 2016).
25

Figure 1.4: Schematic comparing the oocyte cyst and Balbiani body of mouse and
zebrafish oocytes.
A) Mouse: Early oocytes form cysts connected by intercellular bridges (E14.5).
Organelles (green) and the centrosome (magenta) appear to pass through the bridges to
enrich central oocytes with organelles, favoring them for survival (E17.5). In the
neonatal oocyte, the Balbiani body is formed from the Golgi body (gold) and other
organelles. Nuage (purple) is situated between the mitochondria (green). B) Zebrafish:
Oogonia divide into interconnected cysts. At the zygotene stage, the telomeres in the
chromosomal bouquet cluster on the same side of the oocyte as the centrosome (blue).
Organelles and Balbiani body precursors gather around the centrosome, and during the
pachytene stage a nuclear cleft forms around the developing Balbiani body. The mature
Balbiani body is present by stage I of zebrafish oogenesis.
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1.8 THE BALBIANI BODY IN ZEBRAFISH AND FROGS
In zebrafish and Xenopus, the mature Balbiani body is initially closely associated
with the nucleus. During the course of stage I of oogenesis, the Balbiani body continues
to grow, presumably by continuing to pick up its protein and mRNA cargo over time
(Heasman, Quarmby et al. 1984, Marlow and Mullins 2008)) (Chang, Torres et al. 2004,
Escobar-Aguirre, Zhang et al. 2017). The mature Bb is competent to acquire newly
introduced cargo: injection of a tagged Balbiani body-specific mRNA into Xenopus
oocytes results in its slow enrichment within the Balbiani body (Chang, Torres et al.
2004). In the cytoplasm, the tagged mRNA moves freely, but once within the Balbiani
body, the mRNA is almost completely immobilized. Photobleaching a region of the
fluorescently tagged mRNAs within the Balbiani body results in only about 20% recovery
of fluorescence over the course of six hours (Chang, Torres et al. 2004)! Therefore,
mRNAs within the Balbiani body move very slowly. These experiments suggest that the
Balbiani body acquires its cargo by a diffusion-entrapment mechanism. Interestingly, the
injected mRNA becomes enriched in the Balbiani body from the outside in, penetrating
only a short way into the center of the aggregate even after 17 hours of incubation
(Chang, Torres et al. 2004). However, in situs show a relatively even distribution of
mRNAs within the Balbiani body (Kosaka, Kawakami et al. 2007), although the high
resolution analysis required to detect microdomains has not yet been performed.
Endogenous Balbiani body mRNAs permeate the Balbiani body completely, without
forming a gradient or a pattern like the growth rings on a tree. This indicates that in the
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natural context, mRNAs are either constitutively taken up by the Balbiani body and/or
have time to spread to the center of the Bb, despite their lethargic movement within
the organelle.
The energy state of the oocyte affects the efficiency of mRNA localization to the
Balbiani body. Increasing the temperature or ATP concentration within the oocyte
increases the speed of nanos localization to the Xenopus Balbiani body. Conversely,
depleting ATP, Kinesin II or lowering the temperature reduces mRNA accumulation
(Heinrich and Deshler 2009). This suggests that there could also be active transport
involved in the localization of mRNAs to the Balbiani body. Alternatively, changing the
temperature, energy availability, or motor protein abundance could simply increase or
decrease the general movement within the cytoplasm. Faster movement of mRNAs
carried by the cytoplasm would give them more chances to encounter the Balbiani body
and become trapped, increasing localization speed without requiring directed transport.
The Balbiani body entraps only the subset of mRNAs it will carry to the vegetal
pole. Specific mRNAs are directed to the Balbiani body by motifs in their 3'UTR. Several
unrelated Balbiani body-localization motifs have been characterized. nanos mRNA was
the first Balbiani body mRNA where a well-defined localization element (Mitochondrial
Cloud Localization Element, MCLE) was described. Deletion analysis narrowed the
necessary region to 250 nucleotides at the beginning of the 3' UTR (Zhou and King
1996). Further investigation revealed that six repeats of the motif UGCAC within this
region are essential for localization. The MCLE is sufficient to localize a reporter mRNA
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to the Balbiani body (Kloc, Bilinski et al. 2000). A few mRNAs in the Xenopus Balbiani
body (xpat and xnif) have similar required localization motifs (Claussen, Horvay et al.
2004). However, other Balbiani body mRNAs such as dazl, vasa and others do not have
critical MCLE motifs. Deletion analysis of the dazl 3'UTR reveals a different 375
nucleotide localization sequence that directs it to the Balbiani body. The same deletion
analysis showed that a second element within the 3'UTR is required to maintain the dazl
mRNA at the oocyte cortex at later stages (Kosaka, Kawakami et al. 2007). Therefore,
distinct mRNA sequences and possibly different RNA binding proteins are involved in
Balbiani body localization and cortical retention.
Long non-coding mRNAs have been implicated in the tethering of Balbiani body
cargo to the vegetal cortex after Balbiani body disassembly. In Xenopus, short
interspersed repeat transcripts (xlsirts) localize to the vegetal cortex (Kloc, Spohr et al.
1993). This family of transcripts include a well-conserved non-coding repeat region. The
conservation of this region implies that it has a function within the oocyte (Zearfoss,
Chan et al. 2003). Destruction of xlsirt in the late Xenopus oocyte causes the vegetallylocalized vg1 transcript to become untethered from the cortex, suggesting that the xlsirt
transcript itself is important for retaining cargo at the vegetal pole (Kloc and Etkin 1994).
Depleting xlsirt also perturbs the organization of cytokeratins at the oocyte cortex
during maturation (Kloc, Bilinski et al. 2007) (Kloc, Wilk et al. 2005). Possibly RNAs
themselves play a role in the microfiber structure of the oocyte cortex, acting as a tether
or crosslinker.
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Another RNA-centric tethering mechanism for asymmetrically localized mRNAs is
homotypic clustering. In the Drosophila oocyte, mRNAs at the posterior pole organize
themselves into small puncta comprised of multiple transcripts of a single mRNA. The
mRNAs themselves appear to interact with each other directly, in a novel mechanism of
mRNA regulation and storage (Trcek, Grosch et al. 2015, Eagle, Yeboah-Kordieh et al.
2018). Recently published data show that mRNA in the germ plasm of the early zebrafish
embryo is also organized into homotypic clusters (Eno, Hansen et al. 2019). Given the
similarity between germ plasm, the Balbiani body, and mRNA granules at the vegetal
cortex, it seems likely that homotypic clustering also plays a role in the storage of
vegetally-localized mRNAs.
The organization of maternal factors within the oocyte is the first step in both
patterning the embryo and ensuring the future germ line. Once transported to the
vegetal pole, the Balbiani body mRNAs are retained throughout the rest of oocyte
development. Following fertilization, they play critical roles in axial patterning and germ
cell development (Escobar-Aguirre, Elkouby et al. 2017). For example, syntabulin and
grip2a are Balbiani body mRNAs important for specifying dorsal identity in the embryo.
In the egg, syntabulin is carried toward the prospective dorsal side of the blastodisc
along a network of vegetally-localized parallel microtubules that require Grip2a to form
(Nojima, Rothhamel et al. 2010, Ge, Grotjahn et al. 2014). Mutants that lack Syntabulin
or Grip2a exhibit ventralized phenotypes due to a lack of dorsal axial tissue specification
(Nojima, Rothhamel et al. 2010, Colozza and De Robertis 2014, Ge, Grotjahn et al. 2014).
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Another Balbiani body mRNA, dazl, is essential for germ cell specification (Houston and
King 2000). Maternal mRNAs are therefore essential for the survival of both the first and
second generations of offspring.

1.9 THE ROLE OF MITOCHONDRIA IN THE BALBIANI BODY
Mitochondria are enriched in the Balbiani body of most animals, including
zebrafish and Xenopus. They are generally distributed evenly throughout the Balbiani
body. In zebrafish, the mitochondria are clustered in the Balbiani body but are also
present throughout the oocyte cytoplasm (Marlow and Mullins 2008). Ultrastructural
analysis of Xenopus Balbiani bodies shows both branched and bean-shaped
mitochondria within the Balbiani body (Kloc, Dougherty et al. 2002). In the mouse
Balbiani body, few if any mitochondria are present, but typically mitochondria are
enriched on the same side of the oocyte as the Balbiani body (Pepling, Wilhelm et al.
2007). However, this does not hold true for all mammals; in the human oocyte, the
Balbiani body is strongly enriched with mitochondria (Hertig 1968). Overall,
mitochondria are a hallmark characteristic of the Balbiani body.
Some have hypothesized that the Balbiani body is involved in mitochondrial
quality control (Zhou, Wang et al. 2010, Bilinski, Kloc et al. 2017). Oocytes play an
important role in providing the mitochondria that will be passed along to their offspring,
since sperm do not provide mitochondria to the zygote. If a significant number of
defective mitochondria are present in the oocyte, a large proportion of the cells of the
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offspring may inherit low quality mitochondria. This can cause severe disorders in
humans (Chiaratti, Garcia et al. 2018). If the Balbiani body is enriched with high quality
mitochondria, it could protect or select them, protecting the offspring from
mitochondrial disease.
However, the evidence for this hypothesis is contradictory. In silverfish,
mitochondria within developing PGCs separate into two subpopulations with different
morphologies: branched and bean-shaped. The branched mitochondria associate with
nuage, and over time the mitochondrial network in the Balbiani-body-like structure
becomes more branched and more complex. Electron microscopy shows that the unnetworked mitochondria at the edge of the aggregate degenerate, possibly indicating a
mitochondrial selection process (Tworzydlo, Kisiel et al. 2016). However, in zebrafish,
high activity mitochondria are not enriched within the Balbiani body compared to the
cytoplasm. Simultaneous staining of oocytes with a high-activity-staining red dye and
low-activity-staining green dye shows an equal ratio of red/green fluorescence in
Balbiani body mitochondria and cytoplasmic mitochondria (Zhang, Ouyang et al. 2008).
This suggests that the mitochondria within the Balbiani body in the zebrafish are not
selected for high activity, although could be selected for other advantageous properties.
It is also possible that the Balbiani body is enriched for mitochondria for other
reasons. For example, it may need extra mitochondria to power some energydemanding process within the Balbiani body. For instance, if there was active translation
within the Balbiani body, its energy requirements could partially explain the
32

mitochondrial enrichment. Alas, it remains an open question if transcripts within the
Balbiani body are translationally active or repressed. Alternatively, the mitochondria or
other membrane-bound organelles, such as the Golgi body in the mouse Balbiani body,
could be playing a structural role within the Balbiani body. The mitochondria could act
as a scaffold for components acting in Balbiani body formation. In the case of the Golgi,
it could act to enclose the Balbiani body contents to keep them from diffusing away. In
grasshoppers, small groupings of mitochondria encircle electron-dense filamentous
nuage, as if they are forming a cage (Bilinski, Kloc et al. 2017). In mouse, the nuage can
also be found cradled between mitochondria within the oocyte (Chuma, Hosokawa et al.
2006). Mitochondria could also serve as a support or substrate for nuage aggregates,
helping maintain its localization within the Balbiani body. Ultimately, more studies are
required to determine the complete function of the enriched mitochondria within the
Balbiani body.

1.10 BUCKY BALL: AN ESSENTIAL BALBIANI BODY PROTEIN
Maternal-effect mutants have been a key genetic tool to understand the
functional elements of the Balbiani body. A forward genetic screen in zebrafish
identified the bucky ball (buc) mutant, which produces oocytes completely lacking a
Balbiani body (Dosch, Wagner et al. 2004, Marlow and Mullins 2008). In these mutants
the mRNAs that should be carried by the Balbiani body become evenly distributed
throughout the oocyte. Both vegetal and animal mRNAs are affected – without Bucky
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ball the oocyte effectively lacks all polarity and is radially symmetric (Marlow and
Mullins 2008, Bontems, Stein et al. 2009). Misexpression of Bucky ball leads to dorsalventral patterning defects and, in a portion of oocytes, the formation of multiple
Balbiani bodies (Heim, Hartung et al. 2014).
Zebrafish females homozygous mutant for buc lay eggs that are radially
symmetric (Dosch, Wagner et al. 2004). Instead of being separated into an animal pole
where the blastodisc forms and a vegetal pole containing the yolk, these eggs display
animal pole characteristics globally. The blastodisc forms all the way around the yolk
ball in a thin layer. Maternal buc-deficient embryos display multiple sperm entry points
(micropyles made by a specialized follicle cell), and are often fertilized multiple times
(Marlow and Mullins 2008). After fertilization the cells are able to divide a handful of
times before the embryo lyses.
Both Buc protein and transcript localize to the Balbiani body (Bontems, Stein et
al. 2009). Furthermore, Buc is the most abundant protein within the Xenopus Balbiani
body (Boke, Ruer et al. 2016). In the early embryo, it localizes to the cleavage furrows
where the germ plasm aggregates, and then later resides within the PGCs as they form
(Bontems, Stein et al. 2009). The Buc protein is predicted to be largely disordered and
has no known structural domains. The only well-conserved regions are an approximately
100 amino acid stretch at the N-terminus of the protein and a short, centrally-located
sequence (Krishnakumar, Riemer et al. 2018).
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Buc has homologs in other vertebrates, including Xenopus, where the Buc
homolog is named XVelo. In the frog, Buc has the same localization patterns as in
zebrafish, and we expect plays the same role (Claussen and Pieler 2004). The gene
appears to have been lost in mice, but using alignments of the more conserved Nterminal region and synteny, versions of the gene have been identified in humans and
other mammals (Bontems, Stein et al. 2009, Škugor, Tveiten et al. 2016).
Buc protein function in the Balbiani body may stem from its ability to selfaggregate. In culture, the Buc analog XVelo can spontaneously form large aggregates
(Boke, Ruer et al. 2016). These aggregates stain positively with Thioflavin-T (Th-T), a dye
that labels amyloid-like fibers. Furthermore, electron microscopy reveals that the Buc
aggregates are formed of fibrous material. Th-T also stains the Bb in the whole oocyte
(Boke, Ruer et al. 2016). Interestingly, the conserved N-terminal domain of Buc, which
has properties of a prion-like domain, is necessary and sufficient to form these
aggregates (Boke, Ruer et al. 2016). Amyloid-like fibers are capable of causing a phase
transition to form hydrogels (Kato, Han et al. 2012). In this case, the phase transition is
liquid to solid. These results together support a role for Buc in aggregating the Bb via an
amyloid-like fiber phase transition mechanism.
Amyloid-like fibers are formed from multiple proteins acting cooperatively.
Proteins that would have no stable tertiary structure alone stack together, each
contributing a single strand to a single long beta sheet (Kato and McKnight 2017). These
strands are stronger than actin or microtubules, and are linked to neurodegenerative
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disease (Fukuma, Mostaert et al. 2006, Hartl 2017). The presence of amyloid-like fibers
in the Balbiani body is significant because over the course of oocyte development the Bb
naturally disassembles. In the degenerative disease context, these aggregates persist
and are detrimental. Understanding the Bb may not only prove relevant to oocyte
development and the generation of polarity, but also prove informative to disease
states.
In addition to self-aggregating, Buc interacts with Tdrd6 and Rbpms2 (Nijjar and
Woodland 2013, Roovers, Kaaij et al. 2018). Tdrd6 is a multi-tudor domain-containing
protein present in both the Balbiani body and the germ plasm. Tudor proteins are
known components of germ granules and germ plasm, and most are components of the
Piwi pathway. However, Tdrd6 is not required for the piRNA pathway, and is instead
important for PGC formation and the structural integrity of the Balbiani body. It
interacts with multiple germ plasm mRNAs, including nanos, vasa and dazl. In Tdrd6
mutants, the number of PGCs are reduced and the number of oocytes containing
smaller than usual Balbiani bodies or Balbiani bodies that prematurely fragment
increases. FRAP experiments assessing the motility of Buc-GFP within the Balbiani body
in Tdrd6 mutants show that Buc is less mobile in mutants compared to heterozygous
siblings. This indicates that the mobility of Buc either in and out of the Balbiani body or
within the Balbiani body may be important to its structural integrity, and that Tdrd6 is
involved in Buc mobility (Roovers, Kaaij et al. 2018).
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Buc’s interaction with Tdrd6 is dependent on dimethylated arginines at the Cterminus of the Buc protein. Without these dimethylated arginines, the Balbiani body
does not form. The early Balbiani body precursors briefly form puncta, but then disperse
and do not coalesce into a mature Bb. It was previously thought that the Buc mutant
phenotype meant that the Balbiani body was absolutely essential for both oocyte
polarity and animal-vegetal polarity in the oocyte. However a small portion of the
embryos with the Buc mutant arginine residues, which lack a Balbiani body, survive with
proper polarity and axis specification (Roovers, Kaaij et al. 2018). If Buc’s only function
was to form the Balbiani body, adding back Buc without recovering the Balbiani body in
the oocyte would not produce any correctly patterned embryos. This result may indicate
that Buc has an essential function beyond the Balbiani body’s formation that contributes
to axial patterning in the zebrafish.
Despite the importance of mRNA within the Balbiani body, few Balbiani bodylocalized RNA binding proteins have been identified. Rbpms2 is one of the handful of
known resident RNA binding proteins within the Balbiani body (Song, Cauffman et al.
2007). Rbpms2 binds to Buc (Song, Cauffman et al. 2007, Nijjar and Woodland 2013,
Heim, Hartung et al. 2014), as well as to Balbiani body mRNAs. In frogs, Rbpms interacts
with the Bb mRNAs nanos and Xvelo (Xenopus buc homolog) (Aguero, Zhou et al. 2016),
while in zebrafish it has only been shown to interact with buc mRNA (Heim, Hartung et
al. 2014). Given the specific binding affinity of Rbpms2 to some Balbiani body mRNAs, it
could tether them to the fibrous Buc network that comprises the Balbiani body
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structure, slowing their diffusion. Since Rbpms2 mutants develop exclusively into males
in the zebrafish, it is difficult to directly test Rbpms2 function in selecting and
maintaining cargo in the Balbiani body (Kaufman, Lee et al. 2018).

1.11 MACF1 AND BALBIANI BODY DISASSEMBLY
While Buc is essential for the formation of the Balbiani body, Microtubule Actin
Crosslinking Factor 1 (Macf1) is critical for disassembly of the Balbiani body. Macf1 is a
large protein with multiple domains: an actin-binding domain, a plakin domain, an
intermediate-filament binding domain, a series of spectrin repeats, and finally a
microtubule-binding domain (Karakesisoglou, Yang et al. 2000, Kodama, Karakesisoglou
et al. 2003, Lin, Chen et al. 2005, Wu, Kodama et al. 2008). In zebrafish Macf1 mutants,
the Balbiani body does not disassemble (Gupta, Marlow et al. 2010, Escobar-Aguirre,
Zhang et al. 2017). Instead, it remains in the cytoplasm, not associating with the oocyte
cortex, and continues to grow. Additionally, the nucleus becomes asymmetrically
localized and frequently the cytoplasm of stage II oocytes appears detached from the
cortex. Like in Buc mutants, females lacking Macf1 are healthy, but their offspring
display radial animal character (Gupta, Marlow et al. 2010). In the oocyte, Macf1 protein
localizes to the Balbiani body and around the nucleus (Escobar-Aguirre, Zhang et al.
2017).
The Balbiani body's transition from associated with the nucleus to anchoring to
the oocyte cortex is interesting in that it appears to have little to do with directed
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transport by the cytoskeleton, but still requires the presence of Macf1, a cytoskeletal
crosslinker. The Balbiani body is enriched for cytokeratins, but not for actin or
microtubules (Gupta, Marlow et al. 2010). Destabilizing microtubules has little effect on
the Balbiani body macrostructure, at least in the short term(Chang, Torres et al. 2004,
Escobar-Aguirre, Zhang et al. 2017). Furthermore, the localization of mRNA and
mitochondria is also independent of actin and microtubules. However, the requirement
of Macf1 for Balbiani body disassembly indicates that the cytoskeleton is involved in
that final step (Escobar-Aguirre, Zhang et al. 2017).
The critical cytoskeletal component for Balbiani body disassembly is actin. The
intermediate-filament binding domain of Macf1 is dispensable for Balbiani body
disassembly, but deletion of the actin binding domain alone recapitulates the mutant
phenotype (Escobar-Aguirre, Zhang et al. 2017). The depolymerization of actin causes a
similar phenotype to the Macf1 mutant. Macf1 likely acts as a crosslinker between the
Balbiani body and the actin cortex. Once anchored to the oocyte cortex, the Balbiani
body is capable of dissociating. The Balbiani body disassembles into large granules, as if
chunks or flakes of the Balbiani body are being pulled away. Balbiani body mRNAs, Buc
protein, and mitochondria colocalize within these granules (Escobar-Aguirre, Zhang et
al. 2017). The pattern of mRNA localization at the vegetal pole is also often punctate
(Marlow and Mullins 2008). One possible mechanism of Balbiani body disassembly is
that pieces of the Balbiani body are cross-linked to the actin network at the oocyte
cortex in a Macf1-dependent manner, and then as the oocyte increases in size these
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anchor points grow farther apart, physically pulling the Balbiani body apart into pieces
that are attached to the vegetal cortex of the oocyte.

1.12 SECONDARY PATHWAY FOR mRNA LOCALIZATION
In Xenopus, after the Balbiani body deposits mRNAs at the vegetal cortex, a
second, microtubule-mediated mRNA localization pathway kicks in. The mRNAs are
carried along a microtubule array that stretches in a wedge from the vegetal nuclear
envelope to the vegetal cortex. The dynamics of mRNAs traveling along this pathway are
consistent with active transport by motor proteins (Zhou and King 1996, Messitt,
Gagnon et al. 2008, Gagnon, Kreiling et al. 2013).
This secondary (or late) pathway localizes multiple specific transcripts to the
vegetal pole, including VegT, a mesoderm-inducing factor of the embryo. The transcript
contains a 240-nt localization element (LE) in its 3’UTR, which contains repeated binding
motifs for Igf2bp3 (Vera) and Ptbp1. Deleting these motifs disrupts the localization of
VegT (Bubunenko, Kress et al. 2002) (Kwon, Abramson et al. 2002). VegT is also bound
by Staufen, which was first described in Drosophila as localizing the oskar transcript to
the posterior pole of the oocyte (St Johnston, Beuchle et al. 1991). Staufen also binds
Kinesin I, which has led to the hypothesis that Staufen functions by cross linking the
VegT RNP complex to motor proteins that then carry the mRNA to the vegetal pole
(Yoon and Mowry 2004). At this stage, a subpopulation of microtubules exists with plusends directed towards the vegetal pole, which could carry mRNAs (Messitt, Gagnon et
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al. 2008). Kinesin II is an additional motor protein candidate for the late pathway, as the
transcript colocalizes with VegT mRNA during late pathway stages, and depletion of
Kinesin II significantly reduces VegT localization (Betley, Heinrich et al. 2004).

1.13 ANIMAL POLE mRNA LOCALIZATION
In zebrafish, Xenopus secondary pathway mRNAs VegT and Vg1 are localized
animally instead of vegetally (Bally-Cuif, Schatz et al. 1998, Bontems, Stein et al. 2009).
Furthermore, Igf2bp3, Stau1 (Staufen), and Kinesin I are involved in the animal pole
localization of cyclin B1, indicating that there may be parallels between the secondary
mRNA localization pathway in Xenopus and the animal pole mRNA localization pathway
in zebrafish (Takahashi, Kotani et al. 2014, Takahashi, Ishii et al. 2018).
cyclin B1 is a canonical animal-pole mRNA that is asymmetrically localized in
zebrafish, frog and mouse oocytes. The mechanisms for localizing, tethering and storing
cyclin B1 mRNA have all been investigated. cyclin B1 mRNA forms an RNA-dependent
complex with Stau1 along with Pumilio and Igf2bp3. The maintenance of cyclin B1 at the
animal pole requires two cis-acting sequences that Pumilio binds. While the cell cycle is
arrested, cyclin B1 is packed into dense granules that keep it translationally repressed.
This repression requires the Pumilio binding sites that are involved in tethering the
mRNA to the animal cortex. Mutations in these two elements cause the failure of cyclin
B1 mRNA to remain at the animal pole, and allow precocious translation. However, the
mRNA is initially correctly localized, which demonstrates that a separate mechanism
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must be responsible for localizing cyclin B1 to the animal cortex (Kotani, Yasuda et al.
2013).
In stage IV oocytes, the plus ends of microtubules are anchored at the animal
pole. Treating oocytes with nocadozole abolishes the localization of cyclin B1 reporter
mRNAs to the animal pole. Injecting anti-Kinesin I or anti-Stau1 antibodies also mitigates
the localization of cyclin B1. This suggests a possible mechanism where Pum, Stau1 and
Igf2bp3 form a complex with cyclinB1 mRNA that then interacts Kinesin I to actively
transport the mRNA to the animal pole along active microtubules (Takahashi, Ishii et al.
2018). This leaves open the question of how the microtubules become polarized at this
stage of oocyte development, given that the centrosome has been lost by this stage,
and in previous stages microtubules are distributed uniformly.

1.14 DISCUSSION
In comparing oocyte development across vertebrates, it is striking how opposing
mechanisms -- inductive versus inherited germ cell specification, animal versus vegetal
mRNA localization -- have more complex relationships than are immediately obvious.
Inductive and inherited mechanisms of germ cell specification have switched multiple
times in evolution, with the ancestral mechanism still unclear. RNAs with highly defined
pathways to the vegetal pole in Xenopus are instead localized to the animal pole in
zebrafish, but despite targeting the opposite pole, the zebrafish mechanism bears
significant similarities to the Xenopus pathway.
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Evolution has repurposed its limited tool box to accomplish many new goals. The
Balbiani body represents one such structure that comes in a wide variety of sizes and
shapes, with varying functions. Most of its functions remain to be fully investigated,
whether it be oocyte survival, polarity, the harboring of germ plasm or embryonic axis
determinants. Considering its varying morphologies, it may form, grow, and dissociate
by multiple mechanisms as well or by variations on a common theme. Further studies
are clearly warranted to understand this conserved and still rather mysterious oocyte
structure.
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CHAPTER 2: A PROTEOMICS APPROACH IDENTIFIES NOVEL ZEBRAFISH
BALBIANI BODY PROTEINS CIRBPA AND CIRBPB

Contributions: this chapter contains figures and direct quotes from Jamieson-Lucy,
Kobayashi, Aykit, Elkouby, Escobar, Vejnar, Giraldez and Mullins submitted to
Developmental Biology in 2021.
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2.1

INTRODUCTION
Oogenesis primes the fertilized egg for embryonic development. In zebrafish

and Xenopus embryos, asymmetry of the oocyte is essential for determining the
fertilization site, germ cell specification, and establishing the anterior-posterior and
dorsal-ventral axes (Berois, Arezo et al. 2011, Escobar-Aguirre, Elkouby et al. 2017,
Jamieson-Lucy and Mullins 2019). During mouse oogenesis, the oocyte is also organized
into distinct cytoplasmic domains, which are important for fertilization and oocyte
maturation (Kotani, Yasuda et al. 2013, Takahashi, Kotani et al. 2014), like in fish and
frogs. A conserved oocyte structure that acts as one of the first markers of oocyte
asymmetry is the Balbiani body (Bb) (Oh and Houston 2017). The Bb is observed in a
wide variety of organisms from insects to fish, mice, and humans (Hertig 1968, Pepling,
Wilhelm et al. 2007). It is comprised of a membraneless aggregate, containing a variety
of membrane-bound organelles such as mitochondria and endoplasmic reticulum,
ribonucleoprotein particles, and an electron dense substance called nuage (Bradley, Kloc
et al. 2001, Kloc, Dougherty et al. 2002, Kloc, Jedrzejowska et al. 2014). In fish and frogs,
the Bb carries maternal mRNAs to the prospective vegetal pole, where it disassembles,
releasing its cargo at the cortex where it is tethered until the start of embryonic
development (Howley and Ho 2000, Houston 2013). These maternal mRNAs are
important for axial patterning and generating the germ plasm (Houston and King 2000,
Houston and King 2000, Marlow 2010, Ge, Grotjahn et al. 2014).
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Understanding membraneless organelles such as the Bb can give us insights into
a wide variety of cellular processes. Other membraneless organelles include stress
granules and P-bodies in mammalian cells, which function in mRNA sequestration and
processing during stress (Protter and Parker 2016, Luo, Na et al. 2018), and P granules in
C elegans, which act in germ cell determination (Marnik and Updike 2019). To separate
from the cytoplasm, these membraneless organelles undergo phase separation with P
granules undergoing a liquid to liquid phase transition (Brangwynne, Eckmann et al.
2009, Khong, Jain et al. 2018, Schuster, Reed et al. 2018). Other membraneless
structures form dense, stable proteinaceous aggregates within the cytoplasm. This type
of aggregate is of clinical significance because of their similarity to non-functional,
detrimental structures found in degenerative diseases such as ALS and Alzheimer's
(Blennow, de Leon et al. 2006, Ramesh and Pandey 2017). The Bb shares structural
qualities with these aggregates; it is comprised in part of amyloid-like fibrils, similar to
those that form the hallmark plaques of Alzheimer's disease (Boke, Ruer et al. 2016).
However, the Bb differs importantly from these structures: it is a functional component
of oogenesis and disassembles naturally (Wallace and Selman 1990). This makes the Bb
an attractive model for studying membraneless organelles and other aggregates.
As only a handful of resident Balbiani body proteins have been validated, our
strategy began with looking for new potentially functional proteins in the Bb. To identify
novel components of the Bb, we isolated Bbs and subjected them to proteomics analysis
to identify the protein content. We identified four previously known Bb-resident
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proteins, validating the approach. Among the 80 proteins identified, we focused on the
Cold Inducible RNA-Binding Proteins A and B (Cirbpa and Cirbpb), because they stood
out among our candidates for having predicted self-aggregation properties as well as
RNA-binding ability. We speculate that they may play a functional role within the Bb.

2.2 RESULTS
2.2.1 THE BALBIANI BODY IS A ROBUST, STABLE STRUCTURE
We found that the Balbiani body (Bb) is a stable, long-term structure that grows
slowly over the course of oocyte development. As the oocyte progresses through stage
I, its size steadily increases, and we can therefore use oocyte diameter as a proxy for its
development over time. When we isolated oocytes and compared Bb diameter to the
whole oocyte diameter, we saw that Bb size gradually increased along with oocyte size
in an approximately linear fashion (Figure 2.1A). Many membraneless organelles employ
dynamic liquid-liquid phase separation mechanisms (Hyman and Simons 2012), but the
Bb’s apparent slow growth indicates a more stable, solid structure. This is consistent
with Xenopus FRAP experiments which show that mRNA and proteins do not move
quickly within the Bb (Chang, Torres et al. 2004, Boke, Ruer et al. 2016). Anecdotally, we
noticed that when crushed against a glass dish or slide, the Bb smears as if it is made of
putty. To demonstrate its solid nature experimentally, we isolated Bbs from stage I
oocytes and placed them in PBS, using the membrane dye DiOC6 to visualize them. Even
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over the course of two hours, we observed no change in the overall shape of the Bb
(Figure 2.1B). By contrast, the material in liquid-liquid phase-separated droplets
dissipates when disturbed (Brangwynne, Eckmann et al. 2009). This led us to consider
that the Bb behaves more like a hydrogel than a droplet. Hydrogels such as the nuclear
pore complex (Bonner 1975) and associated P granules in C elegans (Updike, Hachey et
al. 2011) are capable of forming size exclusion barriers, where nonspecific molecules
over a certain size cannot penetrate the structure. In the Bb, even specific cargo mRNAs
can take upwards of 24 hours to fully work their way into the structure (Chang, Torres et
al. 2004); we hypothesized that a general size-exclusion barrier may prevent the uptake
of non-specific molecules into the Bb.
We tested if the Bb forms a size exclusion barrier by injecting differently sized
fluorescently-labeled dextran molecules into stage I oocytes. To introduce small
molecules such as fluorescent dextran or synthetic mRNA into the oocyte, we needed to
develop a new technique. One-cell stage embryos are approximately 500 µm in
diameter, while stage I oocytes range from 50 to 100 µm in diameter, five to ten times
smaller than embryos and a thousand-fold smaller in volume. We adapted the zebrafish
embryo injection method to a much smaller scale and were able to successfully inject
and image live oocytes by embedding them in a thin layer of agarose (Figure 2.1C).
We found that the Bb did not exclude 4.4 kD dextran molecules. As the size
increased to 40, 70, and 155 kD, we found that the Bb was able to partially exclude the
larger dextran molecules after two hours of incubation (Figure 2.1D). This implies that
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the structure of the Bb may help exclude non-specific molecules. However, unlike the
nuclear pore complex where molecules under 40 kD can enter the nucleus and anything
larger than 40 kD is excluded, the Bb only partially excluded large molecules. This may
be because the Bb is a heterogeneous structure with many protein components
contributing to a hydrogel-like material.
The stable, solid nature of the Bb makes it a good candidate for isolation and
analysis compared to other membraneless organelles. We next took advantage of this
property to investigate the protein components of the Bb.
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Figure 2.1: The Balbiani body exhibits hydrogel-like properties.
a) Bb diameter plotted against oocyte diameter. b) Timecourse of isolated Bbs in PBS (scale bar: 50
µm. n=6 Bbs). c) Schematic depicting injection technique. d) Live stage I oocytes injected with TRITClabeled dextran and incubated for 2 hours before imaging (4.4 kD: n=12 oocytes, 40 kD: n=9, 70 kD:
n=17, 155 kD: n=16 oocytes). Solid arrows: Bb, open arrows: Bb position.
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2.2.2 GENERATING A MORE COMPLETE ZEBRAFISH BALBIANI BODY
PROTEOME
Despite the Bb’s importance to oogenesis and utility as a model for
membraneless organelles, the protein components of the zebrafish Bb have not
previously been characterized. Proteomics studies in Xenopus have identified a number
of Bb proteins, however, those results included very high levels of yolk proteins and
hemoglobin, not expected in stage I oocytes. In these previous studies, the only
validated Bb protein was the Xenopus homolog of the previously known resident Bb
protein Buc (Xvelo) (Boke, Ruer et al. 2016). Less than a dozen resident Bb proteins have
been validated across all model organisms, but given the Bb's complex function
throughout development, we expect there to be many more functional protein
components. To gain a more complete view of Bb resident proteins and better
understand the mechanisms of formation, growth, and disassembly of the Bb, we set
out to identify the zebrafish Bb proteome. Using zebrafish as a model grants us access to
a library of genetic tools that we can use in the future to study the functions of the
proteins identified within the Bb.
We isolated Bbs from zebrafish stage I oocytes as described (Elkouby and Mullins
2017) and performed proteomics. We collected the Bbs stained with DiOC6 and analyzed
them by LC/MS mass spectrometry (Figure 2.2A, Table 2.1). This generated a proteomics
dataset of over 200 proteins, with 80 replicated hits found over the course of five
independent experiments.
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Importantly, we found several previously identified resident Bb proteins,
validating our approach, as well as proteins from mitochondria and ER, organelles that
are abundant within the Bb. Also present were ribosomal components and RNA-binding
proteins. STRING analysis showed that our Bb protein set was significantly enriched for
predicted interactions compared to the whole genome (Figure 2.2B). The top GO terms
for the replicated proteomics dataset are related to RNA-binding and translation (Figure
2.2C), which conforms to expectations of the Bb as an RNA-rich structure that functions
in the regulation of maternal mRNAs. We found significant overlap between proteins in
our Bb proteome and those found in stress granules, P bodies, and the Xenopus Bb
(Figure 2.2D-E) (Boke, Ruer et al. 2016, Youn, Dyakov et al. 2019). For example, our lab
previously discovered Bucky ball (Buc) as an essential protein for formation of the Bb
(Dosch, Wagner et al. 2004, Bontems, Stein et al. 2009), and it is a known Bb component
that was present both in our proteomics dataset and in the Xenopus Bb (Boke, Ruer et
al. 2016). Lsm14b, Ddx6, Cirbpa and Cirbpb are additional examples of proteins shared
between the zebrafish, Xenopus, and stress granule/P-body proteomes (Weston and
Sommerville 2006, Pepling, Wilhelm et al. 2007).
We then narrowed our focus to the 80 proteins that were present in at least two
of five proteomics experiments. To ensure that we were not simply identifying the most
abundant proteins in the oocytes, we compared the number of peptide hits for each
protein to mRNA expression in oocytes at a similar stage. Expression data was generated
by performing RNAseq on stage I oocytes between 40 and 70 µm in diameter and their
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associated follicle cells to compare to our Bb data. At this size, oocytes have formed a
mature Bb but not started the Bb disassembly process. We found that our proteomics
dataset included both high and low expression genes, and several very highly expressed
genes in the oocyte had only a few peptide hits, supporting that our proteomics work
identified genuine Bb components and is not simply a recapitulation of the whole
oocyte proteome (Figure 2.2F). This set of zebrafish Bb proteins will be a useful resource
for future studies of the Bb.
(Meriin, Zaarur et al.
2012, Idigo, Soares et al. 2020)
(Cai-Lian, Qi-Wen et
al. 2010)
(Ayache, Bénard et al.
2015, Huang, Ku et al. 2017)
(Friend, Brook et al.
2012, Kobayashi, Winslow et al. 2012)
(Miao, Yuan et al.
2017)
(Kumari, Gilligan et al.
2013, Sun, Yan et al. 2018)
(Ren, Lin et al. 2020)
(Ayache, Bénard et al.
2015)
(Joho, Darby et al.
1990, Schneider, Dabauvalle et al. 2010)
(Amsterdam, Nissen et
al. 2004, Moreno and Tiffany-Castiglioni
2015)
(De Leeuw, Zhang et
al. 2007, Masuda, Itoh et al. 2012)
(Du, Li et al. 2008,
Pfeiffer, Tarbashevich et al. 2018)
(Jonckheere, Renkema
et al. 2013)
(Wilczynska,
Aigueperse et al. 2005, Sousa Martins,
Liu et al. 2016)
(Zhao, Zhu et al. 2020)
(Pei, Tanaka et al.
2016)
(Nakamura, Tanaka et
al. 2010, Ozgur, Chekulaeva et al. 2010,
Chen, Zhang et al. 2017)
(Jonckheere, Renkema
et al. 2013)
(De Leeuw, Zhang et
al. 2007, Masuda, Itoh et al. 2012)
(Bontems, Stein et al.
2009)
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Figure 2.2: Mass spectrometry identifies novel Balbiani body resident proteins and
reveals similarities to other membraneless organelles.
a) Experimental setup: stage I oocytes are harvested from juvenile zebrafish ovaries,
stained with DiOC6, and lysed to release Bbs. Bbs are collected and sent for LC/MS mass
spectrometry. 5 independent experiments yielded 224 total identified proteins and 80
replicated protein hits (present in at least 2 experiments). b) STRING network showing
predicted interactions between Balbiani body proteins. Heavier lines between proteins
indicate more evidence of a relationship between the two proteins. Proteins with RNAbinding properties highlighted in red. c) Gene ontology (GO) for replicated hits. Fold
enrichment: enrichment over background frequency of GO term in full Danio rerio
genome. Percent: percent of analyzed Bb proteomics hits annotated with GO term. d)
All identified proteins compared to previously identified Bb proteins and known stress
granule/p body proteome, and e) the reported Xenopus Bb proteome. f) Peptide count
(total) for all replicated proteins plotted against RPKM from RNAseq of early stage I
oocytes (40-70 µm).
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Gene Name

Gene
Symbol

Also known as

Peptide
count

Granule association

Function

Phenotype

Reference

Elongation factor 1alpha

Eef1a

Ef-1 alpha

121

Promotes aggresome
formation

Translational elongation

Mutants implicated in neuroligical
disorders in mammals

(Meriin, Zaarur et al. 2012,
Idigo, Soares et al. 2020)

LSM family member
14B

Lsm14b*

Rap55

106

Balbiani body (mouse,
fly)

Translation control and mRNA
binding activity

-

(Cai-Lian, Qi-Wen et al.
2010)

DEAD (Asp-Glu-AlaAsp) box helicase 6

Ddx6*

p54a

86

Balbiani body, p bodies

Translation suppression and
mRNA degradation

Morpholino causes tail defect in
zebrafish

(Ayache, Bénard et al. 2015,
Huang, Ku et al. 2017)

poly(A) binding protein
cyctoplasmic 1-like

Pabpc1l

ePAB

70

Stress granules

mRNA binding and posttrancriptional regulation

Mouse mutant females are infertile

(Friend, Brook et al. 2012,
Kobayashi, Winslow et al.
2012)

Zygote arrest 1

Zar1

-

68

Zebrafish mutants are all male

(Miao, Yuan et al. 2017)

Y-box binding protein 1

Ybx1

Yb1, Nsep1

66

Stress granules

Insulin-like growth
factor 2 mRNA binding
protein 3

Igf2bp3

Vg1-RBP

62

mRNA vegetally
localized in zebrafish
oocytes

mRNA transport and localization

Maternal effect causes severe
developmental defects in zebrafish

(Ren, Lin et al. 2020)

Eukaryotic translation
initiation factor 4E
nuclear import factor 1

Eif4enif1

4E-T

61

P bodies

Translation factor shuttling

-

(Ayache, Bénard et al. 2015)

P43 5S RNA-binding
protein

42Sp43

Thesaurin-b

44

Not found in Xenopus
Balbiani body

Zinc-finger, RNP storage particle
component

-

Heat shock protein 5

Hspa5

BiP, Grp78

30

-

Protein folding and assembly

Zebrafish mutant is lethal

Cold inducible RNAbinding protein a

Cirbpa*

-

28

Stress granules

Cold shock response and mRNA
regulation

Mouse mutant males have
imparied spermatogonia
proliferation, otherwise fertile

(De Leeuw, Zhang et al. 2007,
Masuda, Itoh et al. 2012)

Heat shock protein
90alpha1.2

Hsp90aa1.2

Cb820

27

-

Protein folding and assembly

Zebrafish mutant has PGC
migration defects

(Du, Li et al. 2008, Pfeiffer,
Tarbashevich et al. 2018)

ATP synthase F1
subunit alpha

Atp5fa1

Atp5a1

25

-

ATP synthesis

-

(Jonckheere, Renkema et al.
2013)

Cytoplasmic
polyadenylation element
binding protein 1b

Cpeb1b

Zorba

23

Stress granules

mRNA binding and posttranscriptional regulation, Dazl
regulator

Mutations associated with human
ovarian deficiency

(Wilczynska, Aigueperse et
al. 2005, Sousa Martins, Liu
et al. 2016)

poly(A) binding protein
nuclear 1-like

Pabpn1l

-

20

Nuclear aggregates

mRNA binding and posttranscriptional regulation

Mouse mutant female produce
morphologically normal oocytes
but embryos fail to complete MZT

(Zhao, Zhu et al. 2020)

heat shock 60 protein 1

Hspd1

Hsp60

20

-

Protein folding and assembly

Zebrafish mutant has regeneration
defects

(Pei, Tanaka et al. 2016)

PAT1 homolog 2

Patl2

-

20

P bodies

Translational repression

Mutations in mice and humans
cause female infertility

(Nakamura, Tanaka et al.
2010, Ozgur, Chekulaeva et
al. 2010, Chen, Zhang et al.
2017)

ATP synthase F1
subunit beta

Atp5f1b

-

19

-

ATP synthesis

-

(Jonckheere, Renkema et al.
2013)

Cold inducible RNAbinding protein b

Cirbpb*

-

19

Stress granules

Cold shock response and mRNA
regulation

Mouse mutant males have
imparied spermatogonia
proliferation, otherwise fertile

(De Leeuw, Zhang et al. 2007,
Masuda, Itoh et al. 2012)

Bucky ball

Buc*

-

18

Balbiani body

Balbiani body formation, oocyte
polarity

Zebrafish mutant lacks Balbiani
body, AV polarity defects

(Bontems, Stein et al. 2009)

Granules in 2-cell mouse
Required for oocyte development
embryo

Zebrafish maternal effect have
Cold shock response and mRNA clevage defects and fail to undergo (Kumari, Gilligan et al. 2013,
regulation
MZT due to global lack of
Sun, Yan et al. 2018)
matneral transcript repression

Table 2.1 Top 20 identified proteins by total peptide count.
*indicates protein has been validated as a Bb component
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(Joho, Darby et al. 1990,
Schneider, Dabauvalle et al.
2010)
(Amsterdam, Nissen et al.
2004, Moreno and TiffanyCastiglioni 2015)

2.2.3 CIRBPA AND CIRBPB ARE RNA-BINDING PROTEINS WITH PREDICTED
SELF-AGGREGATION PROPERTIES
With an interest in pursuing further proteins contributing to the amyloid like
structure within the Bb, we performed a search for predicted self-aggregating
properties among our proteomic hits. We used a primary sequence-based algorithm
PLAAC (Prion-Like Amino Acid Composition) to search our proteomics data set for
proteins with predicted self-aggregating or prion-like domains (PrLDs). This search
returned three proteins with presumptive PrLDs. One result was the known Bb protein
Buc, with a predicted PrLD at its N-terminus (Figure 2.2A). Buc is essential for Bb
formation, and has been shown to form aggregates in vitro that are dependent on its
self-aggregating N-terminus (Bontems, Stein et al. 2009, Boke, Ruer et al. 2016). The
two other results were Cold Inducible RNA-Binding Proteins A and B (Cirbpa and Cirbpb),
with predicted PrLDs at the C-terminus (Figure 2.3A). These proteins are teleost paralogs
and are 67.5% identical at the amino acid level, and have identical domain structures.
The Cirbp RNA-binding proteins contain a predicted N-terminal RNA Recognition
Motif (RRM) domain and a disordered C-terminal region. Cirbp’s RNA-binding specificity
is predicted to be relatively low; analysis of its mRNA targets in the mouse testis reveals
a preference for uracil repeats, but no specific sequence motif (Xia, Zheng et al. 2012).
Cirbp proteins are highly expressed in the gonads, particularly in the testis in response
to cold stress (Nishiyama, Danno et al. 1998). In cells stressed by cold or other insults,
Cirpb expression increases, and the protein shuttles from its usual location in the
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nucleus to stress granules in the cytoplasm (De Leeuw, Zhang et al. 2007, Liao, Tong et
al. 2017). Like the Bb, stress granules are membraneless, RNA-rich structures, and have
been shown to have a phase-separated liquid like outer layer and a more solid
aggregate core (Wheeler, Jain et al. 2017).
To further strengthen our prediction that Cirbpa and b may have self-aggregating
properties, we compared their sequences to both Buc and RNA-binding protein Fused in
Sarcoma/Translocated in Sarcoma (FUS), a well-characterized aggregating protein that
forms amyloid-like plaques in degenerative diseases including Amyotrophic Lateral
Sclerosis (ALS) (Baloh 2012, Lu, Lim et al. 2017, Lee, Ghosh et al. 2020). As expected, the
PLAAC algorithm predicted that FUS contains large PrLDs (Figure 2.3A).
Another characteristic of self-aggregating proteins is the presence of disordered
regions (Schuster, Dignon et al. 2020). Disordered domains within proteins have no fixed
tertiary structure unless induced by interacting with another protein or molecule. As
many as one third of all proteins have significant stretches of disordered sequence,
which correlates with functions such as RNA/DNA binding and protein-protein
interactions (Shimizu and Toh 2009). Conversely, highly ordered proteins with very
stable tertiary structures are correlated with enzymatic activity and receptor proteins.
We used FoldIndex to predict disordered versus ordered regions in the primary
sequences of Cirbpa, Cirbpb, Buc and FUS. We found that Cirbpa was predicted to be
80.5% disordered, and Cirbpb 99.5% (Figure 2.3B). The largest disordered regions
spanned the entire C-terminus for both proteins, consistent with the N-terminus
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containing a conserved RRM domain. The Buc amino acid sequence is 70.4% disordered,
while FUS is 90.5% (Figure 2.3B).
An essential feature of the FUS protein to form amyloid-like aggregates is a
series of serine/glycine-tyrosine-serine/glycine repeats ([S/G]Y[S/G]) (Kato, Han et al.
2012). Cirbpa and Cirbpb also have [S/G]Y[S/G] repeats in their PrLDs (Figure 2.3C).
Cirbpa has five copies of this motif, and Cirbpb has eight. When adjusted for protein
length, this is a similar frequency to the repeats in the FUS protein (FUS ratio
repeats:amino acid 1:25, Cirpba 1:37, Cirpbp 1:25). Conversely, Buc does not contain
this motif anywhere in its sequence, and neither did any other candidates in our
proteomics dataset. This made Cirbpa and Cirbpb attractive candidates for further
validation and functional study. We hypothesized that Cirbpa and Cirbpb bind to
maternal mRNAs via their N-terminus RRM domain, while their C-terminus consists of a
disordered tail with aggregating properties that may function in interacting with other
proteins or forming amyloid-like structures or fibrils that contribute to the Bb (Figure
2.3D).
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Figure 2.3: Sequence-based analysis shows Cirbpa and b have predicted self-aggregating
properties similar to Buc and FUS.
a) PLAAC results predicting prion-like self aggregation domains. Peach shading indicates
predicted self-aggregating sequence. b) FoldIndex disorder predictions. c) Comparison
of [S/G]Y[S/G] repeats between Cirbpa, Cirbpb, Buc and FUS. d) Domain structure of
Cirbpa and Cirbpb.
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2.2.4 CIRPBA AND CIRBPB LOCALIZE TO THE BALBIANI BODY IN VIVO
The first step in our further study of Cirbp was to examine its behavior in vivo.
We generated Cirpba-Venus and Cirbpb-Venus constructs to inject into living cells. We
injected mRNA encoding the tagged Cirbp fusion proteins into live oocytes and observed
their localization. When injected as a positive mRNA control, Venus-Buc localizes to the
Bb as expected (Figure 2.4A), and a negative control of Venus alone did not show
enrichment in the Bb (Figure 2.4D).
Both Cirbpa-Venus and Cirbpb-Venus localized to the Bb, validating our
proteomics results and indicating that they are genuine Bb components in vivo (Figure
2.4B, C). In addition to fluorescence within the Bb, we also observed that the exogenous
proteins spontaneously formed smaller granules within the cytoplasm. This may be an
artifact of overexpression, especially in the case of Buc, which endogenously localizes
exclusively to the Bb at this stage. It is of interest, however, if components of the Bb
such as Buc and Cirbp are able to spontaneously nucleate smaller aggregates that could
contribute to the growth of the Bb over the course of oocyte development.
Interestingly, we see no nuclear localization of Cirbpa-Venus or Cirbpb-Venus in
injected stage I oocytes. This was unexpected, given that Cirpb is a nuclear protein in
mammalian cells (De Leeuw, Zhang et al. 2007). When we injected one-cell stage
zebrafish embryos with mRNA encoding zebrafish Cirpba-Venus, in contrast, it localized
to the nucleus (Figure 2.5A). Cirbp's nuclear localization is mediated by a nonclassical
nuclear localization signal (Bourgeois, Hutten et al. 2020), which must be disabled in the
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oocyte, allowing for its unique localization pattern in stage I oocytes compared to other
cells. This localization is also stage-specific; in stage II oocytes, after Bb disassembly,
Cirpba-Venus and Cirbpb-Venus are ubiquitous throughout the cytoplasm and also
present within the nucleus. The protein also no longer forms granules in the cytoplasm
(Figure 2.5B). In contrast, stage II oocytes injected with Venus-Buc have fluorescence
arranged asymmetrically along the cortex, recapitulating endogenous localization
(Figure 2.5B). Oocytes do not have time to progress from stage I to stage II between
injection and imaging, indicating that exogenous Buc can correctly dock at the cortex
without first localizing to the Bb.

62

Figure 2.4: Cirbpa and Cirbpb localize to the Bb in vivo.
a-d) Stage I oocytes injected with a) Buc-Venus (n=15 oocytes) b) Cirbpa-Venus (n=9
oocytes), c) Cirbpb-Venus (n=13 oocytes) and d) Venus (n=6) (green) and stained with
mitotracker (red). The Bb is visible in brightfield images. All results representative of at
least 2 experiments.
63

2.2.5 BOTH THE RRM DOMAIN AND PRLD ARE SUFFICIENT TO ENRICH
CIRBPA WITHIN THE BALBIANI BODY
Finally we examined the role of Cirbpa’s RRM and PrLD domains in Bb
localization. We hypothesized that the PrLD of Cirbpa functions to localize the protein to
the Bb, while the RRM domain binds maternal mRNA targets that are carried by the
Bb. To test functional roles of each domain within Cirbpa, we generated Venus tagged
truncation constructs and examined their localization in stage I oocytes. The first
construct deletes the carboxy terminus of the protein (CirbpaΔ84-185-Venus), removing
the entire PrLD and leaving only the RRM. The second removes the amino-terminus
containing the RRM (CirbpaΔ1-83-Venus) and leaves the full PrLD intact. We predicted
that the PrLD would be necessary and sufficient for Bb localization. We injected oocytes
with CirbpaΔ1-83-Venus and found that the PrLD can localize to the Bb without the RRM
domain, as expected. However, when we injected CirbpaΔ84-185-Venus mRNA into stage I
oocytes, we were surprised that the RRM alone was sufficient to enrich the protein
within the Bb, showing that the PrLD is not an absolute requirement (Figure 2.5C). This
experiment shows that both the RRM and the PrLD can associate with the Bb.
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Figure 2.5: Cirbp's RRM and PrLD are sufficient for localization, which is oocyte and stagespecific.
a) Dome stage embryo (animal z-slice) injected with Cirbpa-Venus (green) and H3.3mCherry to label the nucleus (red) (n=6 embryos) b) Stage II oocytes injected with BucVenus (n=13 oocytes), Cirbpa-Venus (n=3 oocytes), or Cirbpb-Venus (n=3 oocytes) (green)
and stained with mitotracker (red). All results representative of at least 2 experiments. c)
Stage I oocytes co-injected with CirbpaΔ84-185-Venus or CirbpaΔ1-83-Venus (green) and
Cirbpa-mCherry (red).
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2.2.6 GENERATION OF CIRBPA AND CIRBPB MUTANT LINES
To further probe the function of Cirbp within the Bb, we needed to generate a
double mutant. Since the two proteins are 67.5% identical, we expected that we would
find the strongest phenotype by removing both copies. We used a CRISPR approach to
generate a mutant allele of cirbpa, an 11bp insertion that results in a frame shift and a
premature stop after 53aa, which truncates the protein in the middle of the RRM
domain. For cirbpb, we were able to obtain a sanger line with a nonsense mutation that
produces a stop codon after only 18aa (Figure 2.6). We expect that between nonsensemediated decay and the disruption of the RRM domain, these two mutants are likely to
be nulls. Single mutants appear phenotypically normal and produce normal, fertile
offspring, supporting the hypothesis that Cirbpa and Cirbpb are likely to be redundant.
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Figure 2.6: Cirbpa and Cirbpb mutant alleles
Schematic of mutant alleles for Cirbpa and Cirbpb showing sequence modification and
affected domain structures.
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2.3

DISCUSSION
We identified a large number of candidate resident Bb proteins, including

proteins known to be present in the Bb of other organisms, as well as proteins
previously not found. Some of these proteins may be specific to zebrafish, or may have
not been detected yet in other organisms. We found many candidate proteins shared
between the Bb and other ribonuclear protein aggregate structures, such as stress
granules and P bodies. Further functional studies of these candidate proteins may lead
to shared mechanisms across membraneless organelles.
We found that the Bb proteome is highly enriched for RNA-binding proteins,
consistent with the large number of RNAs known to localize to the Bb. More
surprisingly, we found many ribosomal subunits and proteins involved in translational
control, which raises the still-unanswered question of if the Bb is translationally active
or quiescent. Aggregates like stress granules sequester and translationally suppress
mRNA transcripts, so we are inclined to speculate that mRNAs in the Bb are similarly
translationally repressed. However, if ribosomes are present or even enriched, that
might not be the case.
Of the proteins we identified in our proteomics, Cirbpa and b stood out because
of their RNA-binding ability and predicted self-aggregating properties. The Bb stains
positively for amyloid-like fibrils (Boke, Ruer et al. 2016), and we find that the Bb forms
a robust, solid hydrogel-like structure within the cytoplasm. Our results support the
68

hypothesis that Cirbpa and b have a stage I oocyte-specific function. Cirbpa and Cirbpb
can localize to the Bb, validating our proteomics results. They do not localize to the
nucleus as in somatic cells, and can spontaneously form granules in the oocyte.
However, their localization patterns are unique compared to Buc in stage II oocytes,
indicating that they likely function differently in the oocyte from Buc. In particular, the
transition from associated with Buc in the Bb to no longer associated with Buc at the
oocyte cortex suggests a change in Cirbp during Bb disassembly. Any functional insights
into Bb disassembly are of interest, as understanding how the oocyte naturally
dismantles a large protein aggregate may provide avenues for studying how to reverse
deleterious aggregates in human disease.
Beyond their function in the cold stress response, Cirbps are involved in a variety
of cellular and disease processes. They mitigate damage from hypoxia by inhibiting
apoptosis, and are classified as proto-oncogenes due to this apoptosis-suppressing
function; they also have been implicated in pro-inflammatory pathways, and are
neuroprotective post CNS injury. Cirbp is also a component of stress granules, and can
spontaneously form phase-separated liquid-liquid droplets in vitro (Bourgeois, Hutten et
al. 2020). Since zebrafish Cirbpa and Cirbpb are also predicted to self-aggregate in
addition to bind RNA (Figure 2.3D), there may be shared mechanisms between the two
structures. In the Bb, we found that both the RRM and the PrLD of Cirbp are capable of
localizing to the Bb independently. We hypothesize that the RRM domain may be
binding to the enriched mRNA within the Bb, and therefore becoming enriched itself.
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This opens up the possibility of multivalent interactions where each Cirbpa protein has
multiple binding partners, and together these two domains could help integrate mRNA
cargo into the Bb or stabilize the Bb by crosslinking mRNAs to the amyloid-like
aggregates within the structure. In our model, Cirbp spontaneously self-aggregates via
the PrLD tail, while the RRM binds to mRNA cargo. As the Bb grows, Cirbp, Buc, and
other protein components of the Bb form a fibrous tangle around mRNA, mitochondria
and other smaller organelles (Figure 2.7). By validating Cirbpa and Cirbpb as Bb resident
proteins, we added another link between the Bb and other membraneless organelles,
and an avenue into further functional studies of the Bb in zebrafish.

2.4 FUTURE DIRECTIONS FOR DETERMINING THE FUNCTION OF CIRBPA
AND CIRBPB IN THE BALBIANI BODY
To understand the functional significance of Cirbp in the Bb, the next step is to
generate a homozygous double mutant to observe its phenotype. There are several
avenues for evaluating the cirbpa-/-;cirbpa-/- phenotype. They can be split into two broad
categories: ovary phenotypes of mutant females and embryonic phenotypes of the
offspring of mutant mothers.
To evaluate the ovary phenotype, oocytes can be stained with a dye such as
DiOC6 to observe Bb size and morphology. Other Bb mutants such as buc and macf1
have obvious defects in the Bb that are consistent and easy to identify with simple
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staining (Bontems, Stein et al. 2009, Gupta, Marlow et al. 2010). In contrast, tdrd6 has a
more subtle Bb phenotype, with varying penetrance (Roovers, Kaaij et al. 2018). If the
cirpb mutant has a Bb defect, it should be evaluated both in terms of gross morphology
(size, shape, position, and timing of disassembly) and its molecular contents. Staining
stage I oocytes for Buc and maternal mRNAs such as dazl should show if there are any
organizational or compositional defects in the Bb. Staining later stage oocytes or 1 cell
embryos can show if maternal mRNA localization is successful in the mutant ovary.
In the embryo, we expect that disrupting the Bb may cause axial patterning
defects and germ cell reduction. Since many of the mRNAs deposited by the Bb are
involved in the initial animal-vegetal pattering of the embryo as well as later dorsalventral patterning, disrupting the Bb by deleting cirbp could lead to axis defects as seen
in buc and macf1 mutants. Similarly, since germ plasm is carried by the Bb, there may be
germ cell defects later on.
Embryos with axis defects may fail to segregate the yolk and cytoplasm into clear
animal and vegetal regions after fertilization and may exhibit multiple micropyles.
Micropyles are an animal pole structure which control the sperm entry point, and are a
sign of expanded animal character. Timelapse imaging of early embryos is a good way to
observe cytoplasmic segregation defects. However, care should be taken to regulate the
temperature of the embryos, since the microtubule arrays that initiate cytoplasmic
streaming are sensitive to cold, and temperature may be a confounding factor when
studying these cold-responsive proteins. To observe the effect of Cirbp on germ cell
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specification and migration, embryos can be stained for vasa and other germ cell
markers to visualize the germ plasm and primordial germ cells (PGCs). At the 4 cell
stage, germ plasm should be visible and organized into four spots at the margins of the
cleavage furrows. At 24 hpf, vasa-positive PGCs should have migrated to two compact
clusters along the germinal ridge, and they can be counted to quantify any change in
number or failures in migration.
If there is no double mutant phenotype, the fish can be further sensitized by
crossing them into a buc+/- background. This could also be useful if the double mutant is
lethal and one copy of either cirpba or cirbpb is required for survival; for example, if a
cirpba-/-;cirbpb+/- is viable but has no ovarian or maternal effect phenotype, crossing into
a buc background and looking at the cirpba-/-;cirbpb+/-;buc+/- fish may reveal more subtle
phenotypes.
We are currently generating double mutant fish from the cirbpa and cirbpb
mutant alleles described above, and should soon be able to evaluate their phenotypes
and better understand the function of Cirbp in the Bb.
In the future our lab will also continue investigating other proteins identified
using our proteomics dataset, both alone and in combination with cirbpa and cirbpb. For
example, pabpn1l is a promising candidate RNA-binding protein. It contains an RRM
domain like Cirbp, and exhibits aggregate and fibril-forming capability in vitro
(Scheuermann, Schulz et al. 2003, Tavanez, Calado et al. 2005, Winter, Kühn et al. 2012).
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We anticipate that this research will allow us to continue to add functional components
to our view of the Bb and grow our understanding.
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Figure 2.7: Schematic depicting hypothetical model of Cirbp's integration into the Balbiani
body
Hypothetical model for how Cirbp may self-aggregate into fibers and contribute to the
hydrogel structure of the Bb. Cirbp may form homogenous or heterogeneous fibrils while
binding to Bb mRNAs. As the Bb grows, mitochondria are entangled within the structure,
which solidifies into a densely cross-linked network.
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CHAPTER 3: MATERIALS AND METHODS

Contributions: this chapter contains figures and direct quotes from Jamieson-Lucy and
Mullins published in 2019 in Methods in Molecular Biology (Jamieson-Lucy and Mullins
2019). RNAseq methods provided by Charles Vejnar, and information on LC/MS from
Chao-Xing Yuan.
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3.1 ANIMAL HUSBANDRY
Adult zebrafish were kept at 28° C in a 12-hr light/12-hr dark cycle. All experiments and
animal husbandry were done in compliance with NIH guidelines and those of the
University of Pennsylvania and were approved by the University of Pennsylvania IACUC.
The Tuebingen (TU) strain was used as wild type. Ovaries were dissected from juvenile
female zebrafish (approximately 8 weeks post fertilization, standard length 15-21 mm)
as described (Elkouby and Mullins 2017).

3.2 SIZE QUANTIFICATION
Stage I oocytes were isolated (Elkouby and Mullins 2017) and stained with DiOC6 at a
concentration of 20 nM for 1 hr followed by two 30 min washes with L-15 media, then
imaged by confocal microscopy. Image stacks were sectioned using MATLAB to generate
outlines of the oocyte and Bb. A 3D ellipsoid was fit to the outlines, and the lengths of
the principal axes were averaged to get a value for oocyte and Bb diameter.

3.3 BALBIANI BODY COLLECTION AND PROTEOMIC ANALYSIS
3.3.1 OVARY DISSECTION
Juvenile fish were euthanized in ice-cold water. To obtain ovaries, each fish was
placed on a paper towel, then cut behind the gills to remove the head of the fish,
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followed by cutting off the tail between the pelvic fin and the anal fin. Finally, while
holding the torso of the fish in forceps, it was cut along the ventral midline of the fish
(Figure 3.1A).
The fish torso was placed in a glass dish filled with approximately 5 ml of PBS and
the ovaries pulled out of the body cavity using forceps. At this size, some of the fish
have converted their protogynous gonad to testes. Testes can be identified by their
mottled milky white color, and are more elongated than ovaries. The ovaries are
anchored within the zebrafish to the swim bladder, the body wall, and fat deposits.
Using forceps, any tissue stuck to the ovary is dissected away. Ovaries that are suitable
for Balbiani body isolation are small and clear. An opaque, yellow ovary contains late
stage oocytes that will add extra debris to the preparation. Juvenile fish that have been
well-fed may have ovaries that develop late stage oocytes earlier. Conversely, older fish
may have underdeveloped ovaries that are useable. (Figure 3.1B).

3.3.2 ISOLATION OF STAGE I OOCYTES
Ovaries were added to an Eppendorf tube containing 1 ml of digestion mix (1
mg/ml Collagenase I, 1 mg/ml Collagenase II, 0.5 mg/ml Hyaluronidase in L-15 Medium.
All digestion enzymes were stored at -20˚C as 100 mg/ml stock solutions. For 1 ml L-15
Medium, 10 µL of Collagenase I stock solution, 10 µL of Collagenase II stock solution,
and 5 µL Hyaluronidase stock solution were added). Multiple ovaries (from 5-8 fish)
were pooled to provide enough stage I oocytes to collect sufficient Balbiani bodies.
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Ovaries were then incubated on a test tube rotator for 30 minutes at RT. Care was taken
to not vortex or shake the ovaries too hard: rough treatment breaks up larger oocytes
and adds debris to the isolated oocytes.
The digested ovary mix was passed through a 100 µm cell strainer into one well
of a 6-well culture plate (Figure 3.1C). A 6-well plate is ideal because the cell strainer fits
into it and the area at the bottom of the well is small. In a large, shallow dish it is harder
to wash the oocytes. Also, the six-well plate makes it easy to test two conditions in
parallel. Because oocytes will lyse if they touch any dry surfaces, the mesh of the
strainer should be wetted with L-15 media before pouring oocytes over it. Oocytes in
the strainer were gently rinsed with more L-15 media until only large unwanted oocytes
were present in the strainer and the well was mostly filled.
To remove digestion enzymes and debris smaller than 100µm, oocytes were
washed multiple times with L-15 media. The stage I oocytes settle to the bottom of the
well first, and the debris-containing media can be removed with a transfer pipette
(Figure 3.1C). This step can be performed under a dissecting microscope to make sure
none of the desired oocytes are taken up, and to check that all the debris has been
removed.
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Figure 3.1: Isolation of stage I oocytes from juvenile zebrafish.
a) The three cuts used to access the ovary. 1: vertically behind the gills to remove the
head, 2: vertically between the pelvic and anal fin to remove the tail, 3: along the
ventral midline to open the body cavity. b) Juvenile ovary with extra adhering tissue
removed. Scale bar 0.5 mm. c) Schematic of the washing process. The black lines
represent one well of a 6-well plate. Strain: the digested ovary is passed through a 100
µm cell strainer to remove large oocytes. Settle: the oocytes that passed through the
strainer settle to the bottom of the well. Wash: the media above the oocytes is
removed and replaced three times to remove digestive enzymes and small debris (yolk
particles and small oocytes).
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3.3.3 PREPARATION OF OOCYTES
To visualize Balbiani bodies, the oocytes were stained with DiOC6 (1:5000
dilution of stock solution with a final concentration of 1 µg/ml). As DiOC6 does not mix
well with water, we first diluted 10 µl of DiOC6 to 500 µl of L-15 media, then added 10 µl
of the diluted DiOC6 for each 1 ml of L-15 media covering the oocytes to reach a 1:5000
dilution. The wells in a 6-well plate hold approximately 15 ml of media. Oocytes were
incubated with the dye for 1-2 hours in a 28˚C incubator.
30 µL of fresh protease inhibitor cocktail was added to a 0.5 ml Eppendorf tube
on ice, where collected Balbiani bodies would eventually be transferred. Using a smaller
tube made the oocytes less likely to stick high up on the sides of the tube and become
inaccessible for analysis. A 0.2 ml tube was also a good alternative.
Under a fluorescent dissecting microscope, stained oocytes were swirled to bring
them into the center of the well. With a pipettor, 10 µl of oocytes were moved to one
well of a glass spot plate (Figure 3.2A). Gently swirling the media to collect the oocytes
at the center of the well makes them easier to transfer. The tip of an unbroken injection
needle can be used to move Balbiani bodies around in the bottom of the glass well. To
protect proteins from premature degradation, 250 µl of fresh protease inhibitor cocktail
was added to the oocytes in preparation for lysis.
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3.3.4 LYSIS OF OOCYTES
Oocytes were lysed by passing them swiftly through a narrow needle to create
shear stress. To prepare the syringe, we cut the tip off of the 0.6 ml syringe, removing
about 1 cm, then fit it a 30 gauge needle to the end (Figure 3.2B). Oocytes were passed
through the needle 2-5 times, until only a few intact oocytes remained. To minimize the
air pulled into the needle, it was held bevel side down, flush against the glass, and kept
flat as it was passed over the oocytes (Figure 3.2C). The side of the unbroken needle
could also be used like a knife to cut any remaining un-lysed oocytes in half, freeing the
Balbiani body. The lysed oocyte mixture was initially cloudy, and it took 5-10 minutes for
the Balbiani bodies and other cell parts to sink.

3.3.5 BALBIANI BODY COLLECTION
With forceps, the tip of the microinjection needle was broken to a diameter of
20-30 µm. We could identify Balbiani bodies using the microscope’s green fluorescence
channel under maximum zoom (6.3x). Balbiani bodies are about 10-30 µm in diameter
and were the most intensely stained structures. They can be further identified by
examining the edges. Balbiani bodies are usually not perfectly spherical, and have
slightly fuzzy edges. They look like balls of lint or felt, not bubbles or glass beads. Any
object with perfectly round, smooth edges is likely not a Balbiani body and is instead
some other debris, such as a cortical granule or tiny un-lysed oocyte (Figure 3.2D). In
particular, undesirable oocyte nuclei are common in the lysate. The DiOC6 dye stains the
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outer membrane of nuclei and each nucleus looks like a bubble (dark in the middle).
They are also slightly larger than the Balbiani bodies.
To collect Balbiani bodies, we placed the broken tip of the microinjection needle
next to a Balbiani body. Capillary action would draw the Balbiani body up into the
needle, along with a small amount of buffer. During collection, we moved the tip of the
needle from Balbiani body to Balbiani body, collecting several per needle. (Figure 3.2F).
Some Balbiani bodies would stick to the sides of the glass needle and some loss was
unavoidable. Collecting the Balbiani bodies quickly helped reduce sticking.
When the needle clogged or had drawn up 1-2 µL of liquid, we transferred the
Balbiani bodies to a 0.5 mL tube. A Microcap dispenser bulb was attached to the open
end of the needle (Figure 3.2E). We carefully lowered the tip of the needle into the 0.5
ml Eppendorf tube until just submerged in the protease inhibitor cocktail, and Balbiani
bodies were carefully dispensed into the tube. To avoid crushing the needle into the
bottom of the tube, it helped to lift the tube out of the ice and perform the transfer at
eye level. To make sure all the liquid was transferred, we would press until bubbles
came from the needle tip.
Collection continued until few Balbiani bodies remained in the spot plate well,
and then a new batch of oocytes was lysed. Periodically, Balbiani bodies were spun
down and the buffer that had collected in the tube was removed. Too much buffer
causes the Balbiani bodies to float and stick to the sides of the Eppendorf tube, where
they are inaccessible for analysis. The number of collected Balbiani bodies was also
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roughly counted to check how many had been collected. We found that 150-200 could
produce good proteomics results, and we estimated that this represented between 0.51 µg of material. Lastly, the sample was spun down and we removed as much buffer as
possible before storage.
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Figure 3.2: Lysis of oocytes and collection of Balbiani bodies.
a) Whole stage I oocytes stained with DiOC6 before lysis. The Balbiani body can be
seen as a bright spot beside the nucleus in most oocytes. b) Preparation of the
needle and syringe. c) Correct orientation of the beveled needle tip so that it
points downward toward the bottom of the spot plate well. d) Balbiani bodies at
the bottom of the well. To show the range of sizes, several dispersed Balbiani
bodies have been moved into a single cluster. e) Bulb dispenser attached to the
glass injection needle. f) Series of consecutive frames from a video where a
Balbiani body is drawn into the glass needle. The dotted line shows the outline of
the needle. Note that the small debris around the Balbiani body is not taken up
into the needle. Scale bars are 100 µm.
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3.3.6 PROTEOMIC ANALYSIS
Bbs were stored at -80 ˚C until nanoLC/nanospray/MS/MS. The University of
Pennsylvania proteomics core facility performed the analysis and data were acquired
with Xcalibur 2.0 (ThermoFisher) and analyzed with and Scaffold 3 (Proteome Software)
software package. Cutoffs: Peptide p-value: <95%; Protein p-value <99.0%.

3.4 RNASEQ
Whole adult zebrafish ovaries were dissociated using the same process as described in
section 3.3.2. Oocytes were then separated by size to isolate different stages, and their
mRNA extracted (Elkouby and Mullins 2017). After RNA extraction, samples were
treated with oligo(dT) beads to enrich for poly(A)+ RNA, according to the manufacturer
protocol. RNA-seq libraries were prepared using strand-specific TruSeq Illumina
adapters and sequenced by the Yale Center for Genome Analysis. For record keeping
and bioinformatics analysis, samples annotations were stored in LabxDB (Vejnar and
Giraldez 2020). The “import_ensembl” tool from the FONtools (Vejnar) was used (a) to
import Ensembl release 78 (Howe, Achuthan et al. 2020), (b) to create an index for the
Zv9 zebrafish genome, and (c) to generate FON1 files containing genes (or “metagenes”)
that concatenate the isoforms of each gene together using the “--method union” option
of the “fon_transform” tool (Vejnar). Raw reads were mapped onto zebrafish genome
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Zv9 using STAR (Dobin, Davis et al. 2012) with default parameters. Read counts per gene
were computed by summing the total number of reads overlapping at least 10
nucleotides the gene annotation. Reads mapping to multiple loci accounted for 1
divided by the number of loci to which the read was mapped to. Counts were
normalized to RPKM using gene length and the total number of reads mapped to the
zebrafish genome.

3.5 PROTEIN PRIMARY SEQUENCE AND NETWORK ANALYSIS
Primary protein sequences were analyzed using Foldindex (Prilusky, Felder et al. 2005)
to predict protein order and disordered sequences, and PLAAC (Prion-Like Amino Acid
Composition) (Lancaster, Nutter-Upham et al. 2014) to identify possible self-aggregating
domains. The STRING network (Szklarczyk, Gable et al. 2019) was generated using the
subset of the 80 replicated protein hits which could be identified by the Danio rerio
STRING v11 dataset.

3.6 OOCYTE INJECTIONS
Starting with juvenile ovaries with few late-stage oocytes, we used forceps to
manually remove oocytes later than stage II. The oocytes were embedded in a thin layer
of low-melt agarose to immobilize them, and microinjected with a minimal volume of
either dextran (final concentration 4mg/ml) or mRNA. mRNA for injection was
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generated using the SP6 MMessage Machine kit (ThermoFisher Science AM1340). After
injection, oocytes were incubated overnight in L-15 media and then stained with either
Mitotracker red at a concentration of 100 nM or DiOC6 at a concentration of 20 nM for 1
hr followed by two 30 min washes with L-15 media. The layer of agarose was then
pressed against a cover slip and imaged using confocal microscopy.

3.7 CRISPR MUTANT GENERATION
CRISPR mutagenesis was performed using IDT's Alt-R CRISPR genome editing
technology, following the manufacturer protocol. Guide RNA sequence:
TAATACGACTCACTATAGAAGGGAAGCTGTTCATCGGGTTTTAGAGCTAGAAATAGCAAG
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